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Sea-level change during the Quaternary has had significant impacts on the
geology of the Bahamas and the global carbon budget. During periods of low sea-level
position conduit caves form in the Bahamas as a function of their respective water
budgets. These conduit caves can then collapse and if this collapse reaches the surface a
progradational collapse blue hole can be made. Upon subsequent sea-level rise these blue
holes can become sediment in-filled. Tidal pumping through these sediment-filled blue
holes can result in the formation of whitings. Whitings are formed when the tidally
pushed water warms and degasses CO2, driving the precipitation of CaCO3. Whitings are
also formed on the shallow banks by resuspension by fish. As sea-level fluctuates the
amount of land in the Bahamas and other carbonate regions increases or decreases with
sea-level fall or rise, respectively. As the amount of land increases in the Bahamas and
other carbonate regions, there is a decrease of carbonate rock exposure at high latitudes
due to glaciation. The loss of high latitude carbonates is made up for in the gain of low
latitude carbonates in terms of rates of inorganic carbon drawdown associated with karst
processes. Additionally, this inorganic carbon draw down from karst processes represents

approximately 16% of the unknown carbon sink as reported by the IPCC. This study is
significant in that it contributes to the understanding of sea-level fluctuations in relation
to the geology of the Bahamas and the global carbon budget.
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INTRODUCTION

Sea-level during the Quaternary has fluctuated from +6 m to -125 m relative to
present mean sea-level, which has had significant impacts on karst and sedimentary
processes in the Bahamas (e.g. Carew and Mylroie, 1995; Mylroie and Mylroie, 2007).
For the Bahamian islands a decrease in sea-level by 10 m results in an increase in land
area from 11,406 km2 to 136,076 km2, or 1200% (figure 1.1) (Meyerhoff and Hatten,
1974). The increase in sub-aerially exposed land on the large platforms results in changes
to the configuration of the freshwater lens because the system develops conduit flow. It
has been hypothesized that this change creates stream caves, which compete with flank
margin caves for lens discharge (Mylroie and Vacher, 1999; Vacher and Mylroie, 2002).
The generation of stream caves under low sea-level conditions creates the voids into
which progradational collapse blue holes form (Mylroie et al., 1995).
Progradational collapse blue holes may subsequently in-fill with carbonate
sediments during sea-level rise and may exhibit tidal pumping that would bring water up
from depth, driving the precipitation of aragonite (CaCO3) through degasing of CO2 and
the warming of the water which results in the formation of whitings. Whitings are fine
grains of aragonite that are suspended in the water column in relatively shallow waters
which have remained a sedimentary enigma for the Bahamas for over 80 years (e.g.
Black, 1933; Bustos-Serrano et al., 2009; Cloud, 1962; Robbins et al., 1997; Shinn et al.,
1

1989). Furthermore, whitings have been argued during the Phanerozoic to be significant
sources of atmospheric CO2 (Yates and Robbins, 2001).
Another consequence of sub-aerially exposing the Bahama banks is the
dissolution and denudation of the carbonate bank itself (e.g. Mylroie, 1993; 2008). The
dissolution of one mole of calcium carbonate requires one mole of carbon-dioxide,
resulting in the net drawdown of inorganic atmospheric carbon (e.g. Ford and Williams,
2007; White, 1988). The ultimate fate of the CO2 is to enter the ocean environment as
bicarbonate, where it will lead to ocean acidification and may be precipitated, or used
biologically (e.g. Tucker and Wright, 1990). Therefore, when exposed by glacial eustasy,
carbonate banks such as the Bahamas should draw down atmospheric CO2 as a result of
dissolution; conversely, when flooded by a change in glacial eustasy, carbonate
deposition on the now shallow banks should result in CO 2 evolution (sensu Mackenzie,
1998). However, the rates at which carbonates are deposited and weathered are not equal,
nor is the time spent during glacial or interglacial periods, resulting a highly complex
system that is difficult to model (Mackenzie, 1998; Mylroie, 1993)
The deposition of carbonate material on the banks is a complex phenomenon that
is a developing field, where the biological precipitation of carbonates is more
predominate than the strictly abiotic precipitation of carbonates (e.g. Tucker & Wright,
1990). The analysis of Mylroie (1993; 2008) demonstrated that the overall glacial to
interglacial CO2 flux was in balance for the Bahamas as related to karst processes. The
Bahama banks surfaces are mostly made of more soluble aragonitic grains compared to
the relatively less soluble continental limestone (calcite and dolomite) that was used to
model the flux, so the results of Mylroie (1993; 2008) need refinement. The early study
2

by Mylroie (1993) also suggested that there should be disequilibrium between the
drawdown of atmospheric carbon by karst processes in young carbonate areas due to sealevel change, and older continental carbonate rocks as a function of land area changes
due to ice cover variation. These differences can be quantified using present climatic data
and the last glacial maximum climatic data to determine the net amount of inorganic
carbon removed from the atmosphere as a result of karst processes (sensu Gombert, 2002;
sensu Mylroie, 2008).
The primary objective of this dissertation is to use karst as a tool with which to
address hydrological, sedimentological and climatic variations of the Bahamas, and by
extension, similar carbonate platforms during the Quaternary. The goals of this project
are to: 1) develop a model for conduit formation in the Bahamas, develop a model for
progradational collapse blue hole formation, and create a progradational collapse blue
hole distribution for the Bahama banks; 2) develop a model to explain whiting formation
in the Bahamas that addresses the limitations of previous work, and; 3) determine the role
of karst processes in the global carbon budget, during both the present and the last glacial
maximum.

3

Figure 1.1

Regional map of the Bahamas. Note that a drop in sea-level of about 15m
results in the exposure of the banks. Modified from Carew and Mylroie
(1997).
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CHAPTER II
LITERATURE REVIEW

2.1

The Carbonate Island Karst Model
Mylroie and Vacher (1999) originally defined the primary drivers that control

island karst development, and these drivers were compiled and named the Carbonate
Island Karst Model (CIKM) by Mylroie and Jenson (2000). Island karst is a unique type
of karst in that it depends on being proximal to the coast for its formation, whereas ‘karst
on islands’ is stream caves and related landforms that are normally found in association
with the continental setting (Vacher and Mylroie, 2002). The development of the CIKM
built on work originally from the Bahamas and Bermuda (Mylroie and Carew, 1990;
Mylroie and Carew, 1995), and later was extended to Isla de Mona (Frank et al., 1998)
and Guam (Mylroie and Jenson, 2000) and finally to Saipan (Jensen et al., 2006).
The CIKM is based on four primary principles: 1) the mixing of fresh and salt
water at the boundaries of the freshwater lens results in a localized area of dissolutionally
aggressive waters; 2) sea-level change occurs through glacioeustasy and regional
tectonics which moves the location of the freshwater lens; 3) the host carbonate rocks are
typically eogenetic, however islands with telogenetic carbonates exist, and; 4) carbonate
islands can be divided into four classes depending on the relationships between the
carbonate and noncarbonate rocks, and structural controls (e.g. Mylroie, 2013; Mylroie
and Mylroie, 2007).
5

2.1.1

Mixing of Fresh and Salt Water
The mixing of freshwater saturated with respect to calcium carbonate and

saltwater saturated with respect to calcium carbonate results in a solution that is
chemically aggressive with respect to carbonate dissolution (figure 2.1) (e.g. Dreybrodt,
2000; Plummer 1975). Dissolution potential is further increased at the margins of the
freshwater lens because: 1) convergence of the meteoric-lens and seawater-lens mixing
zones occur, 2) discharge is increased as the cross sectional area of the lens decreases
allowing for the removal of products from dissolution to occur quickly, and 3) organics
that collect at density contrasts (top and bottom of lens) are oxidized to create CO2
forming chemically aggressive waters which superimpose at the lens margin (Mylroie
and Carew 1990; 1995). Additionally, organic loading at the lens top and/or bottom may
result in anoxia, and reducing conditions that can allow H2S and other dissolutionally
aggressive compounds to form (e.g. Bottrell et al., 1991; 1993). This focused dissolution
results in the formation of flank margin caves and banana holes, which will be discussed
later.
2.1.2

Sea-Level Change
Sea-level around the world has fluctuated over time. These fluctuations are the

result of climatic and tectonic events (e.g. Plint et al., 1992). Those changes in sea-level
associated with Cenozoic glacio-eustasy are identified by changes in 18O in benthic
forams from marine sediments (e.g. Plint et al., 1992). Periods of high or low sea-level
are indicated by their marine isotope stage (MIS) number, where odd numbered stages
are periods of high sea-level starting with the modern day as MIS 1, and sea-level
lowstands are indicated by even MIS numbers. Changes in sea-level have been the
6

primary driver in forming the geology of the Bahamas (e.g. Carew and Mylroie, 1995;
1997). Furthermore, sea-level highstands during the Quaternary that cause platform
flooding are relatively short events lasting approximately 10,000 years compared to lowstands which are typically 100,000 years long on average (figure 2.2) (Carew and
Mylroie, 1995; 1997).
The last time that sea-level was higher than present was during MIS 5e. MIS 5e
lasted for ~9,000 years (124 to 115 ka) with a peak elevation of +6m (Thompson et al.,
2011), and this was the maximum amount of time that was available for the deposition of
the late Pleistocene Grotto Beach Formation and the development of many of the flank
margin caves, and all of the banana holes that are currently subaerially accessible (which
will be discussed later) in the Bahamas (Mylroie and Mylroie, 2007; Mylroie et al., in
press).
The Bahamas are thought to also be relatively tectonically stable, with subsidence
rates of 1-2 meters per 100,000 years (Carew and Mylroie, 1995; 1997). However, it
appears that Mayaguana is not as tectonically stable as it seems to have tilted. Mayaguana
appears to be subsiding at a slower rate than the rest of the Bahamas, about 0.05 meters
per 100,000 years (Kindler et al., 2011). This tilting is thought to be caused by
reactivation of old faults or lithospheric bending from the underthrusting of the Bahamas
underneath the Caribbean plate (Kindler et al., 2011). This tilting is why Mayaguana
shows subaerial exposure of carbonate rocks older than middle Pleistocene, not found
elsewhere in the Bahamas.

7

2.1.3

Eogenetic and Telogenetic Rocks
Choquette and Pray (1970) defined carbonate rocks that are diagentically

immature as eogenetic, whereas carbonate rocks that are being diagenetically modified
(i.e. have undergone deep burial) are mesogenic. Eogenetic rocks are typically young,
and have a high primary porosity (Choquette and Pray 1970; Vacher and Mylroie, 2002).
Assuming that eogenetic rocks have a porosity of 30% their density should be 1.90 gcm-3
(sensu Palmer, 2007; Vacher and Mylroie, 2002). Telogenetic rocks are mesogenic rocks
that are brought back up to the surface and compared to eogenetic rocks are older, and are
typically the type of rock encountered in continental settings with low porosities
(Choquette and Pray, 1970). Telogenetic carbonates typically have porosity of 5%,
yielding a density of 2.57 gcm-3 (Palmer, 2007).
Vacher and Mylroie (2002) proposed that eogenetic limestones could be treated as
an equivalent porous medium. This means that the eogenetic limestone can be modeled
by parallel capillary tubes in the host rock in which the pore size can be calculated based
on the porosity and hydraulic conductivity of the rock (Vacher and Mylroie, 2002).
Thinking of eogenetic limestones as an equivalent porous medium allows for simplified
modeling of fluid flow through the eogenetic aquifers.
2.1.4

Carbonate Island Classes
Carbonate islands and carbonate coastal areas can be divided into four classes

based on how they interact with non-carbonates on the island and sea-level position
(figure 2.3). Furthermore, within this classification system any given carbonate island
may exhibit multiple classes (Mylroie and Mylroie, 2007).
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Class 1 is the simple carbonate island (figure 2.3a). On simple carbonate islands
only carbonates interact with the freshwater lens and all of the recharge is autogenic. The
Bahama islands are the archetypal example of the simple carbonate island (Mylroie and
Mylroie, 2007).
Class 2 is the carbonate cover island (figure 2.3b). In carbonate cover islands the
carbonates cover a non-carbonate body, so that all of the recharge is autogenic. However,
the non-carbonate core of the island acts to partition the lens and vadose flow paths can
develop along the boundary between the non-carbonates and carbonates. Bermuda
(during a glacioeustatic low sea level) is the class example of the carbonate cover island
(Mylroie and Mylroie, 2007).
Class 3 is the composite island (figure 2.3c). A composite island has carbonates
that surround at least part of a non-carbonate region, however the non-carbonates may
extend to the coast. Therefore, there is both autogenic and allogenic recharge on both the
carbonates and non-carbonates, respectively. Allogenic recharge results in the formation
of streams that sink at the contact of the carbonate and non-carbonate bodies, and
produce stream caves that ends at the freshwater lens. Guam is an example of a
composite island (Mylroie and Mylroie, 2007).
Class 4 is the complex island (figure 2.3d). Complex islands have carbonates that
are interfingered with non-carbonates. Additionally the island can be segmented and cut
by faults. These result in the segmentation and distortion of the lens and may lead to
confining conditions. Saipan is an example of a complex island (Jenson et al., 2006;
Mylroie and Mylroie, 2007).

9

2.1.5

The Bahamas
The Bahamas, as stated above, represent simple carbonate islands, at both the

present day sea-level and during the full range of glacioeustasy of the Quaternary
(Mylroie and Mylroie, 2007). Since the Bahamas are relatively tectonically stable and
geologically simple they are commonly used as an end member and the starting place for
developing new models. Because of these factors the Bahamas are the field area for this
research.
2.2

Geography of the Bahamas
The Bahamian islands are a geologic and political archipelago that covers about

300,000 km2 of shallow water carbonates and deep water channels which separate the
various banks (Meyerhoff and Hatten, 1974). The Bahamian archipelago extends from
Florida in the north, to Hispaniola in the south and is bounded by Cuba to the southwest
(figure 2.4). The amount of land currently sub-aerially exposed is 11,406km2 however, a
10m drop in sea-level increases the amount of land sub-aerially exposed to 136,076km2
(Meyerhoff and Hatten, 1974). The large platforms are: Great Bahama Bank, Little
Bahama Bank, Crooked-Acklins Bank and Cay Sal Bank. Great and Little Bahama banks
have island ranging from small to large, but Cay Sal bank is the only bank with no major
island. The southern islands are on isolated platforms, some of which are quite small.
Additionally, the northern islands have positive water budgets whereas the southern
islands have negative water budgets which is significant when calculating recharge rates
for the freshwater lens (figure 2.5) (Whitaker and Smart, 1997).
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2.3

Subsurface Geology and Formation of the Bahamas
The formation of the Bahamas was debated frequently during the 1970’s and

1980’s. The primarily debated topic was: what was the nature of the crustal basement
beneath the Bahamas, and how did the platforms became segmented? The first model
suggested that the banks were originally horst and grabens that formed during the rifting
of Pagaea in the Jurassic (e.g. Mullins and Lynts, 1977; Sheridan et al., 1988). The
second model was that the channels and platforms were an artifact of equilibrium
between erosion and deposition since the Jurassic (e.g. Dietz et al., 1970; Sheridan et al.,
1988). The third model was that the present channels and platforms were the result of a
megabank that formed during the Cretaceous that had continued to grow vertically and be
segmented by erosive forces (e.g. Meyerhoff and Hatten, 1974; Schlager and Ginsburg,
1981; Sheridan et al., 1988).
Sheridan et al. (1988) compiled all of the previous geophysical data and core logs
to develop the currently accepted model for the formation of the Bahamas. The crust
underlying the Bahamas was formed in conjunction with the rifting and drifting of the
Atlantic continental margin and the Gulf of Mexico that started in the middle Jurassic. As
this rifting occurred oceanic crust was created which became the basement for the
Bahamas. This basement was then overlain by volcaniclastics that were immediately
tilted. Following this a transgression of carbonates occurred that covered the Bahamas by
the early late Jurassic, and had reached central Florida by the early Cretaceous. This
carbonate platform was not one unified platform, but rather many smaller platforms that
were all forming at the same time in proximity to each other (Eberli and Ginsburg, 1987;
Melim and Masaferro, 1997). As the carbonate platforms continued to grow, subsidence
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began in the Bahamas. The carbonate platforms were aerially extensive, extending from
the modern Florida platform, the modern Bahama platform and the Blake Plateau.
The review by Sheridan et al. (1988) indicates that by the Late Cretaceous the
deep-water channels in the Bahamas were already established allowing for the Florida
current to develop in the Late Cretaceous or earliest Paleocene. Extensive faulting
occurred also in the Late Cretaceous or early Paleocene resulting in segmentation of parts
of the platforms. This faulting was on the order of 500+m which resulted in the throw and
tilting of blocks that made up the Bahamas (Sheridan et al., 1988). This faulting is the
outcome of the interactions between the North American and Caribbean plates in the
Cuban and Antillian orogenies reactivating older Jurassic aged lines of weakness.
During the early and middle Cenozoic, carbonate sediments continued to prograde
onto the platforms which filled in paleo-depressions (Eberli and Ginsburg, 1987). In the
event that the depressions were small enough it would result in the coalescence of larger
platforms (Eberli and Ginsburg, 1987). For the Great Bahama bank it is thought that the
coalescing was completed by the middle Miocene (Melim and Masaferro, 1997). These
platforms were thought to be atoll like in that they had rims all around their margins with
depressions at their center. During the Pleistocene climatic fluctuations, the winds and
ocean currents increased, resulting in a change from the atoll model to an asymmetrical
platforms bounded by windward islands, which is the current situation today (Melim and
Masaferro, 1997).
As discussed earlier the islands in the northern Bahamas are large and the islands
in the southern Bahamas are smaller. This is primarily due to the southern islands being
located closer to the boundary between the North American plate and the Caribbean plate
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which means that the islands in this area are still being segmented while the islands in the
north are in a tectonically inactive environment and are not being segmented (Melim and
Masaferro, 1997; Mullins et al., 1992).
The sediment package for most of Great Bahama bank has been determined
through several deep wells that were drilled for petroleum exploration. These wells
reached about 5,000m depth and encountered Pleistocene to Lower Cretaceous shallowwater limestones and dolomites, with minor evaporites (Melim and Masaferro, 1997). At
the northern most point of the Great Bahama bank the core encountered mid Cretaceous
shallow water carbonates and evaporites followed by mid-Cretaceous through Miocene
deep-water carbonates, and then shallow water carbonates after the Miocene (Melim and
Maaferro, 1997). Also, cavernous porosity has been encountered in the coring on Great
Bahama bank, at depths of 21m, 165m, 820m, 2929m, 3056m, 3252m, 3954m, 4027m,
and 4448m (Meyerhoff and Hatten, 1974). At the depth of 4448m on the Great Bahama
bank the largest void was encountered, where 2430m of drill pipe was lost into the void
and could not be recovered, all suggesting that mega porosity exists at depth in the
Bahama platforms (Meyerhoff and Hatten, 1974).
2.4

Early Miocene to Present Stratigraphy
Prior to the 2000’s the oldest known rocks to outcrop in the Bahamas were middle

Pleistocene in age (Carew and Mylroie, 1995; 1997); however in the late 2000’s rocks
dating back to the early Miocene were found to outcrop on the north shore of Mayaguana
(Godefroid, 2011; Kindler et al., 2011). A simplified discussion of the various groups,
formations and members follows (figure 2.6).
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The Mayaguana Formation is found only in outcrop on Mayaguana and is early
Miocene in age. It is a fine grained limestone that is hard, and contains a large
assemblage of foraminifera and is therefore a subaqueous limestone (Godefroid, 2011;
Kindler et al., 2011).
The Little Bay Formation is found only in outcrop on Mayaguana and is late
Miocene in age. The Little Bay Formation is a fine grained, hard dolostone, with
multidirectional cross bedding and ripple laminations suggesting a lagoonal deposit
(Godefroid, 2011; Kindler et al., 2011).
The Timber Bay Formation is found only in outcrop on Mayaguana and is middle
Pliocene in age. It is a hard, partly dolomitized coral and algal boundstone and rudstone
with a bioclastic grainstone matrix. The allochems in the Timber Bay Formation were
partly replaced with cryptocrystalline dolomite, and there were coarser dolomite crystals
precipitated in the intra and intergranular pore spaces. The Timber Bay Formation was a
shallow and energetic reefal environment (Godefroid, 2011; Kindler et al., 2011).
The Misery Point Formation is found only in outcrop on Mayaguana and is early
Pleistocene in age. The Misery Point Formation can be broken into three members which
are all pervasively weathered carbonates, separated and capped by paleosols. The lowest
member is a shell-rich rudstone with some coral buildups, overlain by a bioclastic
grainstone and was deposited in a reefal environment. The middle member is bed of
bioturbated coral-rich floatstone which was deposited in a peri-reefal environment. The
uppermost member is a calcarenite with low-angle cross bedding and was deposited in a
beach environment. (Godefroid, 2011; Kindler et al., 2011). The special situation
regarding these Mayaguana exposures is discussed later.
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The Owl’s Hole Formation is a found on most of the Bahamian islands and is a
middle Pleistocene deposit (Carew and Mylroie, 1995; 1997). The Owl’s Hole Formation
is a predominately bioclastic eolianite that has many peloidal grains. The Owl’s Hole
Formation also contains several paleosols. It includes everything between the Misery
Point Formation of Mayaguana and the Grotto Beach Formation there and on the rest of
the Bahamas (Carew and Mylroie, 1997; Godefroid, 2011; Kindler et al., 2011).
The Grotto Beach Formation is found on all of the Bahamian islands and it also is
the most conspicuous of all the formations in the Bahamas. The Grotto Beach Formation
is made of two distinct members, both of which are late Pleistocene deposits (deposited
during Marine Isotope Stage 5e or, MIS 5e, 124-115 ka (Thompson et al., 2011)). The
French Bay member is the older member of the formation and represents a transgressivephase deposit. It is predominately ooilitic, and contains sedimentary stuctures indicative
of an eolian environment, but on Mayaguana it also contains minor subtidal and intertidal
sedimentary structures (Carew and Mylroie, 1997; Godefroid, 2011). The Cockburn
Town Member is the younger member of the formation and represents the highstand and
regressive phase deposits of MIS 5e. The older parts of the Cockburn Town Member are
coral boundstone, rudstone and floatstone, suggesting a reefal and lagoonal environment.
The younger parts of the Cockburn Town Member are oolitic calcarenites which are also
vegemorph rich, suggesting a still-stand and regression (Carew and Mylroie, 1997;
Godefroid, 2011; Kindler et al., 2011). Mylroie and Carew (2013) discuss the difficulty
in the field of separating progradational deposits formed during the highstand from true
regressive deposits formed as sea level fell at the end of MIS 5e. Therefore, the Grotto
Beach Formation has no solely regressive phase member, and both highstand and
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regressive units fall within the Cockburn Town member (Mylroie and Carew, 2013). The
Grotto Beach Formation is capped by a terra-rossa paleosol or other erosional surface
(e.g. Carew and Mylroie, 1997).
The Whale Point Formation was originally introduced in 1993 by Hearty and
Kindler (1993) as the Almgreen Cay Formation on San Salvador, based on amino-acid
racemization (AAR). However, the Almgreen Cay Formation was never fully accepted
because of lingering questions regarding the methodologies employed, and the lack of
field evidence (e.g. Carew and Mylroie, 1994; 1997; Hearty and Kindler, 1994).
However, Kindler and Hearty (1995) found on Eleuthera a location where the Whale
Point Formation and the Grotto Beach Formation occurred in vertical superposition and
were separated by a mature terra-rossa paleosol, finally providing field evidence for the
existence of the formation. The name Whale Point Formation has become the accepted
name for the formation because it is at Whale Point where the clearest field relationships
exist (Kindler et al., 2010). The Whale Point Formation is a friable bioclastic grainstone
with landward dipping eolian cross beds that is MIS 5a in age (85 ka), that has yet to be
demonstrates to exist on the other Bahamian islands (Godefroid, 2011).
The Rice Bay Formation is made of two members and is Holocene in age. The
older member is the North Point Member and is a transgressive-phase peloidal and
bioclastic eolianite with a few poorly developed ooids low in the section. The foreset
beds of the North Point Member dip at least two meters below sea-level. The North Point
Member’s allochems were created about 6,200 years ago and were thought to have been
deposited by 5,200 years ago (Carew and Mylroie, 1987; Hearty and Kaufman, 2009).
The Hanna Bay Member is a bioclastic calcarenite which was deposited in the beach16

dune environment in equilibrium with modern sea-level (Carew and Mylroie, 1997). The
Hanna Bay Member’s allochems were created between 4,700 and 3,800 years ago and
were deposited at some point after that (Carew and Mylroie, 1987; Hearty and Kaufman,
2009). These units are recognized in the field by a lack of a terra-rossa paleosol, and the
North Point is differentiated from the Hannah Bay by the former’s eolian beds dipping
below modern sea-level.
The remaining piece to the stratigraphy of the Bahamas is the Lucayan
Limestone. Beach and Ginsburg (1980) originally defined the Lucayan Limestone in
1980 as the carbonate rocks below the unconsolidated Holocene sediments in the
Bahamas but above the lithology change from non-skeletal to skeletal limestone that is
abundant with corals and bivalves. Additionally, there is also a disappearance of
Stylophora sp. from the limestone between the base of the Lucayan Limestone and the
underlying rock (Beach and Ginsburg, 1980). Beach and Ginsburg (1980) also dated the
Lucayan Limestone as a late Pliocene to Pleistocene unit. However, in the 1980’s Carew
and Mylroie (1985) were able to differentiate the rocks that outcropped on San Salvador
and were able to identify individual formations and members within the Lucayan
Limestone. The Lucayan Limestone as presented here is an unofficial group that
encompasses the Misery Bay Formation through the Whale Point Formation, in other
words, the entire Pleistocene carbonate sections in the Bahamas (e.g. Carew and Mylroie,
1997; Godefroid, 2011; Kindler et al., 2011). While the Lucayan Limestone is not
officially recognized as a group the name is used frequently to describe the outcropping
and sub-surface rocks in the Bahamas (e.g. Beach, 1995; Reijmer et al., 1992; Whitaker

17

and Smart, 1997). For clarity the Lucayan Limestone will be treated as an unofficial
group for this dissertation that encompasses the Pleistocene limestones (figure 2.6)
2.5

Bahamian Bank Sediments
The bottom sediments on the Bahamian banks are spatially diverse (e.g. Hoskin et

al., 1986; Purdy, 1963; Reijmer et al., 2009). These sediments vary from ooids shoals to
carbonate muds. These sediments are formed through physical precipitation of
carbonates, and biological activity. Precipitation of carbonate sediments occurs most
dominantly during the summertime when bank water is warmest, the pCO2 is the lowest,
and the salinity is highest, all of which drive the precipitation of carbonate material
(Broecker and Takahashi, 1966; Bustos-Serrano et al., 2009; Carroll et al., 1991). The
distributions of these sediments is in part controlled by the direction currents and tides
operate on the bank tops (e.g. Reijmer et al., 2009).
Sediment production in the Bahamas is often biologically mediated by various
algae and various animal skeletal components. The common biologic mud producers are
Penicillus, Rhipocephalus, and Halimeda (Neumann and Land, 1975). The amount of
carbonate mud produced by these organisms exceeds the amount of mud currently on the
banks, which suggests that the carbonate material is exported off of the banks (e.g.
Hoskin et al., 1986; Neumann and Land, 1975; Wilber et al., 1990).
2.6

Hydrogeology – The Freshwater Lens
Each of the Bahamian islands are underlain by a freshwater lens, which is a lens

of freshwater that floats on top of saline ground water (Cant and Weech, 1986; Fetter,
1972). The freshwater lens is modeled best in carbonate islands by the Dupit-Ghyben18

Herzberg equations for lens thickness and configuration (Vacher, 1988). These models
show that the lens depresses into the underlying saline water body forty parts for every
one part above mean sea-level, this is a direct result of the density contrast between
freshwater and salt water (figure 2.7) (Vacher, 1988). Generally, the maximum thickness
of the lens is proportional to island size and recharge, and inversely proportional to
hydraulic conductivity (Fratesi, 2013).
One of the consequences of carbonate aquifers is that they can self modify over
time due to differential dissolution and cementation into horizontal zones with high and
low permeabilities (e.g. Vacher and Mylroie, 2002). As a result the rocks of different
ages may have different permeabilities, controlling the rate at which water can discharge
from the lens at its margins, and thereby affecting the thickness of the lens (Vacher,
1988). Generally, a younger limestone is less permeable which results in a thicker lens,
whereas older limestones are more permeable which results in a thinner lens (Vacher,
1988). Additionally, recharge and hydraulic conductivity can vary within one land mass,
and the shape of the freshwater lens will be modified accordingly (Fratesi, 2013). For
example, a greater recharge rate yields a thicker lens compared to a lower recharge rate,
assuming everything else is held constant (Fratesi, 2013; Vacher, 1988). Additionally, a
higher permeability host rock results in a thinner lens, compared to a lower permeability
host rock, assuming everything else is held constant (Fratesi, 2013; Vacher, 1988).
Finally, lens on islands can be segmented by non-carbonates and also by evaporative
lakes (Fratesi, 2013; Vacher and Mylroie, 2002).
Freshwater lenses in the Bahamas under the present day sea-level position exhibit
only diffuse flow (Vacher, 1988). However, Mylroie and Vacher (1999) hypothesized
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that conduit flow may develop during lower sea-level positions when the Bahama banks
become subaerially exposed. By dropping sea-level 10 meters or more the amount of
subaerially exposed land in the Bahamas increases from 11,406km2 to 136,076km2
(Meyerhoff and Hatten, 1974). This enlargement in catchment area for potential recharge
increases by the square for any particular bank, however, the length discharging margin
of the lens increases only linearly. The exponential increase in land area and linear
increase in discharging perimeter has been proposed to make the diffuse flow draining of
the lens inefficient, and as a result of inefficient behavior conduit flow develops (Mylroie
and Vacher, 1999; Vacher and Mylroie, 2002). This transfer to conduit from diffuse flow
has been predicted and used by many researchers, but it has never been confirmed
through modeling (e.g. Beddows et al., 2007; Kambesis and Coke, 2013; Mylroie and
Mylroie, 2011).
2.7

Karst in the Bahamas
In the Bahamas both karst and pseudokarst are present (e.g. Mylroie and Carew,

2013). The pseudokarst in the Bahamas is predominately sea caves and tafoni however,
these features are not directly related to the hydrologic system, but they must be
successfully identified to avoid confusion with true karst caves (e.g. Mylroie and
Mylroie, 2011; 2013; Waterstrat et al., 2009). The dominant true karst features found in
the Bahamas are coastal karren and caves. Coastal karren is formed in the coastal areas
due to both the mixing of fresh and salt water on the surface and biocorrosion (Taboroši
and Kázmér, 2013). The cave types found in the Bahamas that are subaerially exposed
are flank margin, banana holes, and pit caves. Flank margin caves form at the discharging
margin of the freshwater lens, under the flank of the enclosing land mass (Mylroie and
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Carew, 1990). Flank margin caves are able to form because of the mixing of fresh and
salt water at the lens margin (see section 2.1.1). A banana hole is an immature flank
margin cave that formed at distal margin of the lens of a prograding strand plane, making
it a syndepositional feature (Infante, 2012; Mylroie et al., 2008; in press). Pit caves are
vadose fast-flow paths to the freshwater lens (Pace et al., 1993). The final type of cave in
the Bahamas is the blue hole which may intersect conduits at depth.
2.7.1

Blue Holes
Blue holes are the final class of cave features found across the Bahamian

platforms. Mylroie et al. (1995, p. 231) defines blue holes as:
“Blue holes are subsurface voids that are developed in carbonate banks
and islands; are open to the earth’s surface; contain tidally-influenced waters of
fresh, marine or mixed chemistry; extend below sea-level for a majority of their
depth; and may provide access to cave passages. An ocean hole is a blue hole is a
blue hole that opens directly into the present marine environment and usually
contains marine water with tidal flow. An inland blue hole is a blue hole isolated
by present topography from surface marine conditions, which opens directly into
the land surface or into an isolated pond or lake, and which contains tidallyinfluenced water of a variety of chemistries from fresh to marine. Blue holes may
form by drowning of dissolution sinkholes and shafts formed in the vadose zone,
phreatic dissolution along a rising halocline, by progradational collapse of deep
dissolution voids produced in a phreatic zone, and by fracture of the bank
margin.” (figure 2.8)
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Blue holes were first described by Catesbury in 1725 who called them ‘pits’
which is the term that the local people used (Shaw, 1993). The term ‘blue hole’ appeared
on British Admiralty charts by 1844 and has since them been used because it describes
the deep indigo color but does not imply a formation mechanism (Shaw, 1993; Mylroie et
al., 1995).
Blue holes can form through four possible mechanisms: 1) bank margin failure; 2)
progradational collapse; 3) flooding of vadose shafts, and; 4) dissolution along the
halocline (figure 2.8) (Mylroie et al., 1995). However, the formation of blue holes along
the halocline is doubtful because the halocline does not dip nearly steep enough (figure
2.7) (e.g. Mylroie and Mylroie, 2011; sensu Vacher, 1988).
Blue holes in the Bahamas have had stalagmites collected from them that date
back in excess of 350,000 years (e.g. Carew and Mylroie, 1995). These stalagmite dates
are minimum ages for the caves as the blue holes must have formed before the
stalagmites grew, suggesting that blue holes are both old and long lived features. The
timing of blue hole collapse to the surface is also important as well and can be predicted
by determining the capping geologic formation and by mouth elevation in relation to
modern sea-level and sea-level during MIS 5e (Larson and Mylroie, 2012b). If the voids
cap rock is lagoonal facies (i.e. Cockburn Town) then the void opened post MIS 5e
(Larson and Mylroie, 2012b). If the void opened prior to MIS 5e and is located at less
than +6 m the void should have filled in, at least partially with marine sediments (Larson
and Mylroie, 2012b). Blue hole entrances found higher than +6 m are more difficult to
date (Larson and Mylroie, 2012b).
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The fracture blue holes described by Mylroie et al. (1995) are found in close
proximity to bank margins, especially Great Bahama Bank and Little Bahama Bank (e.g.
Palmer and Heath, 1985; Whitaker, 1988). However, progradational collapse blue holes
are found ubiquitously across the larger platforms, either as inland holes, or ocean holes.
Ocean holes can become sediment-filled if they are not protected (e.g. in a near-shore
lagoon) because significant amounts of sediment are created on the Bahamian banks and
can be swept into the blue holes that are not protected (figure 2.9) (Beach, 1995; Hine
and Steinmetz, 1984; Hoskin et al., 1986; Milliman et al., 1993; Purkis, pers. com.;
Reijmer et al., 2009; Roth and Reijmer, 2005). For example, Dean’s Blue Hole on Long
Island has remained open because of a protected near-shore lagoonal position (figure
2.10) (Larson and Mylroie, 2012b). It is hypothesized that Dean’s Blue Hole and other
progradational collapse blue holes in the Bahamas have as their incipient void a conduit.
Furthermore, these progradational collapse blue holes and their subsequent conduits are
often times filled at least partially, with breakdown (figure 2.11) (e.g. Steadman et al.,
2007). This obscures the true dissolutional surfaces and any depth measurements made in
blue holes and their conduits must take into account that the true horizon of formation
(i.e. dissolutional surface) is commonly masked, making any quantitative analysis based
on blue hole depths suspect (figure 2.12). Finally, the formation of conduits in the
Bahamas is poorly constrained at present and deserves additional comment.
2.7.1.1

Conduits
The incipient voids for the progradational collapse blue holes in the Bahamas are

considered to be conduits (figure 2.13) (e.g. Farr and Palmer, 1984; Mylroie et al., 1995).
These conduits are only found at least 10 meters below current sea-level, implying that
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there is a change in the karst forming processes when sea-level drops and the platforms
are exposed (e.g. Larson and Mylroie, 2013b; Mylroie and Mylroie, 2011). Mylroie and
Vacher (1999) first proposed that the reason for conduit caves in the Bahamas is that
when sea-level is 10 meters lower the catchment area increases by the square while the
discharging margin only increases linearly which means that at a certain ratio between
catchment area and perimeter that the diffuse flow in the freshwater lens becomes
inefficient, and the system switches over to conduit flow. However, no researchers since
then have demonstrated that this is in fact what is happening through first principles
modeling, even though this process is commonly evoked (e.g. Kambesis and Coke, 2013;
Mylroie and Mylroie, 2007; Mylroie and Mylroie; 2011).
Originally Palmer and Williams (1984) proposed that that the conduits into which
the progradational collapse blue holes formed were formed through dissolution along the
bottom of the freshwater lens. However, Moore et al. (2007) and Mylroie and Mylroie
(2011) argue that blue hole formation along the halocline is unlikely as dissolution within
the freshwater lens is concentrated at the margin of the lens. Also, the freshwater lens
when typically drawn is vertically exaggerated and this led to some researchers to think
that dissolution along the halocline could form near vertical shafts and large voids inland,
however when the lens is drawn correctly it is nearly horizontal with little vertical extent.
However, Baceta et al. (2007) have shown enhanced porosity zones (spongerock) along
the base of a paleolens that may extend inland dozens of kilometers.
Conduit caves are also found in carbonates of coastal continental areas, most
notable, the Yucatan, and Australia (e.g. Kambesis and Coke; Webb and James, 2006).
The Yucatan is a unique environment because it effectively acts hydrologically as a large
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island (Kambesis and Coke, 2013). The conduit caves of the Yucatan form by the mixing
of fresh and marine waters in an initially steep hydraulic gradient in a rock with a high
primary porosity (Beddows, 2004; Smart et al., 2006). The conduit enlarges and velocity
and discharge increase resulting in a positive feedback loop that focuses dissolution in the
conduits at the expense of further permeability increases in the matrix or fractures and
results in the development of an efficient conduit system (Ford and Williams, 2007;
Smart et al., 2006). The conduit caves in the Yucatan are also integrated vertically
through progradational collapse, and in many locations collapse reaches the surface
resulting in the formation of cenotes, perhaps the Mexican equivalent of Bahamian blue
holes (Beddows, 2004; Mylroie et al., 1995; Smart et al., 2006). Additionally, flank
margin caves are found in the Yucatan in coastal eolianites suggesting that the freshwater
lens is capable of both conduit formation and flank margin cave formation at the same
time in different lens localities (Kelley et al., 2006). The flank margin caves developed
between conduit discharge locations, where local diffuse flow could reach the coast more
easily than by going laterally to a distant conduit (Kelley et al., 2006). The conduit caves
of the Nullarbor Plain in Australia formed mostly during the Oligocene in eogenetic
rocks (Webb and James, 2006). These caves then began collapsing during the late
Miocene due to sea-level lowering and loss of buoyant support (Webb and James, 2006).
As the climate dried evaporites formed in the joints in the caves resulting in further break
down through crystal wedging resulting in the collapse dolines seen today that intersect
extensive flooded conduits (Webb and James, 2006). However, flank margin caves also
formed in the Nullarbor environment, possibly utilizing the slow diffuse flow in coastal
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areas within a past freshwater lens between conduit flow paths as is observed in the
Yucatan (Burnett et al., 2013).
2.7.1.2

Tidal Pumping, Doughnut Holes and Other Blue Hole Classifications
Blue holes in the Bahamas, regardless of type, may exhibit tidal pumping of bank

waters (e.g. Dill, 1977; Martin et al., 2012; Whitaker and Smart, 1997) The tidal pumping
is delayed from the high and low tide at the bank margins because of the travel time
through zones of high permeability (e.g. conduits) via a kinematic wave as well as the
actual tidal wave’s physical transmission across the shallow bank surface (Martin et al.,
2012; Warner and Moore, 1984). Additionally progradational collapse blue holes can
integrate several horizontal layers of high permeability (e.g. conduits) further
complicating the tidal pulse signal (Martin et al., 2012; Palmer et al., 1998). Finally, the
tidal pumping of water up to the bank top may carry with it nutrients which results in
increased biological productivity in the area immediately proximal to the blue hole,
forming what is sometimes referred to as a doughnut hole (e.g. Cunliffe, 1985; Trott and
Warner, 1986; Warner and Moore, 1984).
Schwabe and Herbert (2004) also discuss the addition of the term ‘black hole’ to
the blue hole literature. A black hole is a vertical cave that initiated in a depression, this
depression filled with chemically active waters which allowed for downward dissolution
(Schwabe and Herbert, 2004). As time progressed the black hole got deeper, at a given
depth sufficient chemical gradients would develop which would allow for the production
and proliferation of sulfur reducing bacteria that would encourage additional dissolution
horizontally (Schwabe and Herbert, 2004). A major problem with this model is that it
requires dissolution to follow sea-level position, which changes rapidly during the
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Quaternary and is not in any position for very long (figure 2.2). While this may be a way
in which the flooded vadose shaft blue holes of Mylroie et al. (1995) form, however, the
moniker ‘black hole’ has yet to become recognized in the literature, and for that reason
will not be used when discussing blue holes in later discussions.
In recent years it has been proposed the moniker ‘blue hole’ should no longer be
used (Schwabe and Carew, 2006). Schwabe and Carew (2006) propose that the term blue
hole should only be used to most generally describe water-filled caves in the Bahamas.
Schwabe and Carew (2006) propose that the cave types in the Bahamas should be broken
up into three different classes: 1) horizontal caves, 2) fracture caves and, 3) vertical
caves. Horizontal caves are caves which are primarily horizontal regardless of whether
they are water filled or not (Schwabe and Carew, 2006). The progradational collapse blue
holes that Mylroie et al. (1995) discuss that have passages would be the horizontal type of
cave, as well as flank margin caves and banana holes (Schwabe and Carew, 2006).
Fracture caves are caves that are found along fractures, either parallel to the bank margin,
or perpendicular to it (Schwabe and Carew, 2006). Fracture caves are one of the types of
blue holes described by Mylroie et al. (1995). Vertical caves are shafts into the ground
that have no horizontal passages associated with them (Schwabe and Carew, 2006).
Schwabe and Carew’s (2006) vertical caves include pit caves and blue holes with no
horizontal development, which could be blue holes choked with breakdown, or blue holes
that are flooded pit caves (Mylroie et al., 1995). The classification scheme developed by
Schwabe and Carew (2006) is difficult to use in that it lumps caves that formed through
different processes all together (e.g. sea caves, flank margin caves, and some blue holes
are all “horizontal” caves). Furthermore, this classification system for island karst is
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currently not accepted in the research community. Therefore, the Mylroie et al. (1995)
classification of blue hole types will be used.
2.7.1.3

Collapse Mechanics
Soluble rocks such as carbonates and evaporites often act as host beds for

breakdown and collapse of overlying geologic material. Soluble rocks are unique so that
under normal groundwater regimes they develop voids into which the overlying material
can collapse. Collapse occurs simply because the roof of the void is not mechanically
strong enough to support the overburden and the overlying material break down and fills
the void until a stable configuration is reached (e.g. White, 1988).
Breakdown and collapse in soluble rocks is generally thought to occur at some
depth within some sort of cave or karstic system. The dissolution of soluble rock by
either epigenic or hypogenic processes can develop a void into which collapse can occur.
Collapse in a cave is a function of the maximum stresses applied to the void. In a
generalized cross section of the earth assuming horizontal geologic beds, the major stress
fields run vertically as a function of overburden and gravity. These stress lines are
deflected around the void resulting in an envelope around the void of stress fields. This
causes tension to occur in the roof of the void (where break down occurs), shear to
develop at the intersection of the roof and the walls, and pressure release to occur along
the walls of the cave (Ford and Williams, 2007).
If the beds are steeply dipping then it would be expected that the same sort of
collapse as mentioned above would still occur. However, the collapse likely would not be
vertical. The collapse should propagate upward along the dip of the beds because those
beds are unsupported, and a cantilever system is more likely to develop (Ford and
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Williams, 2007). It should be noted that the major published works on cave collapse
mechanics has been done on telogenetic carbonate rocks from continental interior
locations, which have mechanical properties quite different from the eogenetic limestones
that make up the shallower regions of the Bahama Banks, where blue holes develop.
These differences become significant when modeling the collapse because there is a 26%
difference in the densities of average eogenetic and telogenetic limestones (sensu Palmer,
2007).
The degree of collapse is also controlled by the size of the cave void accepting the
collapse material, it is a question of accommodation space. If the void depth beneath the
surface is small, the collapse may easily prograde the surface. For voids to have
prograded to the surface from great depths requires either exceptional accommodation
space or a means of removing collapse material as it occurs. Collapse material takes up
more space than it did when in situ in the void ceiling, so accommodation space is always
an issue in collapse modeling.
The mechanics of collapse in carbonate rocks is a function of the size of the void,
and the properties of the ceiling rock. Collapse and breakdown is modeled by looking at
the roof of the void as either a solid beam or a cantilever beam (White, 1988).
First, assume a void that is developed in horizontal carbonate beds. In this case
the critical thickness that the roof bed needs to be to avoid collapse in a continuous bed
environment is:
Tcrit = ρl2 / 2S

2.1

where Tcrit is the critical thickness of the roof bed, ρ is the density of the bed
material, l is the beams length (i.e. width of the chamber), and S is the flexural stress in
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the extreme fiber (White, 1988). If the beds are not continuous across the void then T crit is
calculated as a cantilever beam:
Tcrit = 3ρl2 / 2S

2.2

Comparison of the continuous beam and the cantilever beam shows that a void
that has a roof in a cantilever situation is much less stable than if the roof acts as a beam,
which means that given the same environment, that the cantilever beam situation should
experience a greater amount of collapse (White, 1988).
Collapse in carbonate rocks has also been modeled empirically using field
observations of caves. As in the first principle modeling, the most important variables
controlling break down is span width and bed thicknesses. Collapse has been modeled
looking at the thickness of the overburden, the tensile strength of the rock and mining
conditions. If shear strength is the only characteristic used to predict cave collapse then
cave collapse will be under predicted because when looking in the field other
characteristics may also control collapse (Ford and Williams, 2007).
Collapse is encouraged by the removal of buoyant support. If a void is filled with
water, this water acts to help support the roof through normal forces. If the water level is
dropped, the force normal that was once helping to hold the roof of the void in place will
diminish, therefore facilitating collapse. This is because the freshwater in a flooded
telogenetic passage can support 39% more weight than open air because it is an
incompressible fluid (White, 1988). However, normal marine water in a flooded
eogenetic passage can support 54% more weight than open air, a non-trivial difference.
If the void is a result of fluvial karst processes (stream cave), and base level is
raised, the cave passage can back flood. During this back flooding the water may get to
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the roof of the void, if it does, renewed dissolution can occur along the joints in the
already weakened roof rock, therefore facilitating further collapse when base level goes
back down; additionally, caves located in the epiphreatic zone flood and drain often
which may cause flexure of the cave roof, leading to potential collapse (Mylroie, 1987;
Palmer and Palmer, 2006; White, 1988). Additionally, if there is still moving water in the
cave system the breakdown can continue to be dissolved which still acts to unstabilize the
cave’s breakdown configuration (Mylroie, 1987; Waltham et al., 2010; White, 1988).
Surface denudation and valley incision can also facilitate collapse in caves. As the
surface is lowered, or valleys in cut, they can modify the configuration of the roof
material; meaning a beam configuration could be changed to a cantilever configuration,
which greatly reduces the systems stability (Equations 2.1 and 2.2) (White, 1988).
Additionally, invading vadose water may also facilitate collapse (Mylroie, 1987).
The final mechanism that works to cause breakdown in caves is crystal wedging.
This mechanical wedging can occur due to the growth of mineral crystals (e.g. gypsum).
Furthermore, freeze-thaw cycles involving water can act to break apart the roofs of voids,
especially in entrance areas of temperate climate caves (White, 1988).
Once collapse has occurred the void reconfigures to reach a stable state. How the
void is reconfigured depends on the relative size of the void and the mechanical
characteristics of the host rock. In a relatively small void, the system reaches equilibrium
by collapsing into a domed roof configuration. This allows for the best distribution of
stresses throughout the system without continual breakdown (Waltham et al., 2010).
In the case that the incipient void is very large it is likely that the void will fill
completely with breakdown which will then act to re-support the roof, so no additional
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breakdown can occur. It is expected that as breakdown occurs it will take up more
volume on the void floor than it would as part of the ceiling (i.e. the bulk ‘porosity’ of the
collapse is greater than were it still part of the ceiling) (Waltham et al., 2010).
The stability configurations discussed above are all dependent upon a static
system, meaning a void developed, and then became stable through collapse volume
sufficient to support the ceiling, continuing collapse to the surface, or by forming
tensional domes that are self-stable. Realistically, the system is not static, likely
speleogensis is still occurring in the system (i.e. dissolution is continuing); removing
collapse material and bringing the system out of equilibrium and resulting in a dynamic
relationship between dissolution and breakdown (e.g. White, 1988).
Collapse in the Bahamas follows along generally with the model discussed above,
however, the density of eogenetic limestone is significantly less than that of telogenetic
(1.9 and 2.5 gcm-3, respectively) limestone so the processes involved in the stability
configurations (equations 2.1 and 2.2) and with buoyant support are different, in that
eogenetic rocks should be more resilient against collapse. However, it is clear that
collapse still occurs in the subaerially exposed flank margin caves of the Bahamas
(Labourdette et al., 2007). Additionally, the progradational collapse blue holes in the
Bahamas have talus piles below the entrance, and if the blue hole enters a conduit, the
conduit itself in many cases exhibits collapse based on the breakdown and a ceiling that
is not dissolutionally sculptured (figure 2.12) (e.g. Steadman et al., 2007; Larson and
Mylroie, 2012b). Finally, it is clear that significant amounts of collapse can occur in the
Bahamas since Dean’s Blue Hole descends 202m to a breakdown pile of unknown
thickness (Wilson, 1992).
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Additionally the conduits in the Bahamas may have undergone several discrete
collapse events depending on when the conduit was formed. This is because sea-level has
fluctuated significantly over the Quaternary resulting in periods of buoyant support at
times and lack of buoyant support during others. Additionally, when the conduits are
flooded mechanical and chemical removal of breakdown material can occur creating
additional accommodation space for further collapse.
2.7.1.4

Other Coastal Collapse Features
There are other coastal collapse features around the world that are similar to the

blue holes of the Bahamas. In the Yucatan, pit cenotes are collapse features that intersect
the water table below (Kambesis and Coke, 2013). Cenotes are different from blue holes
in that usually the majority of their depth is above water, whereas for blue holes the
majority of their depth is below water (Mylroie et al., 1995). In China there are massive
progradational collapse structures called tiankengs (Xuewen and Waltham, 2006).
Tiankengs are defined as collapse into a stream cave, where the collapse forms a shaft
that’s width-to-depth is between 0.5 and 2, where at least the width or depth is greater
than 100 meters (Xuewen and Waltham, 2006). The incipient void for a tiankeng to form
in is a cave stream conduit. The development of a tiankeng is well summarized by the
following events (Palmer and Palmer, 2006):
1. Underground diversion of large surface river to form a cave.
2. Localized collapse in the main passage.
3. Increasing hydraulic gradients and flow velocities through the collapse material.
4. Accelerated chemical and mechanical removal of collapse material, especially as
a function of flood events.
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5. Development of floodwater bypass routes.
6. Additional collapse where breakdown has been dissolved, and also in the new
floodwater bypass routes.
7. Resulting in a self feedback loop from stage 6 to stage 3.
The self-developed feedback loop that operates during the formation of these
features allows them to reach the fantastically large sizes observed in the field.
Blue hole like features also exist in Croatia (Surić et al., 2010). The blue holes of
Croatia were formed through either the flooding of vadose shafts or progradational
collapse (Surić et al., 2010). Finally, blue holes have also been identified on Mokali,
Hawai’i within the islands fringing coral reef (Field et al., 2007). The blue holes on
Mokali are thought to either be formed through progradational collapse from a conduit
cave, or be the result of vadose dissolution during low sea-level stands (Field et al.,
2007). Additionally, other large collapse structures that are similar to blue holes are
discussed in Waltham (2006) (e.g. the Golondrinas region of Mexico).
Finally, depending on sea-level position the terminology used to describe the blue
holes at modern day sea-level may change. If sea-level were lower (as it has been for
most of the Quaternary, figure 2.2) blue holes would not be mostly filled with water as
the current Mylroie et al. (1995) definition states; in these cases the blue holes would be
more cenote or tiankeng like.
2.8

Whitings
Whitings are ‘clouds’ of carbonate grains (typically aragonite, but occasionally

Mg-calcite) that are suspended in the water column that are found in the Bahamas,
Hawaii, Florida Bay, the Persian Gulf, and in freshwater lakes around the world (e.g.
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Black, 1933; Ellis and Milliman, 1985; Glenn et al., 1995; Shinn et al., 1989; Thompson
et al., 1997). Individual whiting grains are typically 1-2μm in length and are rounded
(Macintyre and Reid, 1992). The whitings seem to originate from a point source, are
moved by winds and currents and can remain suspended in the water column for multiple
days (figure 2.14) (Shinn et al., 1989). Whitings seem to be located in the same areas on
the Bahamian archipelago, with disregard for bottom sediment facies (Bustos-Serrano et
al., 2009; Robbins et al., 1997). To further complicate things, dating of whitings using
14

C suggests that aragonite grains in whitings are about 100-200 years old (Broecker and

Takahshi, 1966; Shinn et al., 1989). However, Shinn et al. (2004) demonstrated using 7Be
that whitings are less than a few hundred days old. Furthermore, in an individual whiting
grain the center of the grain is enriched with 7Be, and the outer parts are depleted in 7Be
suggesting that the whitings were formed within a fixed reservoir of 7Be which was
depleted during grain formation (Shinn et al., 2004). Whitings in the Bahamas have been
hypothesized to have formed through multiple mechanisms: 1) resuspension of bottom
sediments; 2) direct precipitation from the bank water, and; 3) biological mediation (e.g.
Black, 1933; Robbins and Blackwelder, 1992; Shinn et al., 1989). Finally, whitings may
also play a major role in the formation of micrite in Phanerozoic carbonates (Pomar and
Hallock, 2008).
2.8.1

Resuspension
The resuspension hypothesis for the formation of whitings is the oldest model for

formation but is also the most contentious as the local people believe that whitings are
formed through fish stirring up bottom sediments but there is no evidence collected by
researchers to support their belief (Shinn, 1985). In short there are four resuspension
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mechanisms: 1) resuspension due to fish activity (e.g. Shinn et al., 1989); 2) resuspension
due to black tipped shark activity (Broecker et al., 2000); 3) resuspension due to microturbulent bursts (Boss and Neumann, 1993); and 4) resuspension due to Langmuir
circulation in the bank water (Dierssen et al., 2009). The fact that whiting grains are 100200 years old based on 14C suggests that resuspension may be the mechanism that forms
whitings (Broecker and Takahshi, 1966; Shinn et al., 1989). However, whiting grains
appear to have a different morphology as compared to the bottom sediments beneath
them (figure 2.15) (Macintyre and Reid, 1992).
As mentioned earlier the indigenous people of the Bahamas believe that whitings
are formed by schools of fish stirring up the sediments looking for food (Shinn, 1985).
This has been tested several times; divers have explored the bottom of whitings and
found no fish; side scan sonar has been used and no fish were discovered in whitings,
and; dynamite and piscicide (a poison) were also put in several whitings and no fish were
discovered (Shinn et al., 1989).
However, Broecker et al (2000) proposed that black tipped sharks may be stirring
up the bottom sediments. This is proposed based on the observation that black tipped
sharks are occasionally found in association with whitings. The black tipped sharks
would form the whiting to trap fish inside of it and then hunt the fish from within. This
model has only been proposed, no additional work has been done to test the validity of it.
From a physical point of view, whitings may be formed through the resuspension
of bottom sediment from micro-turbulent bursts (Boss and Neumann, 1993). These
turbulent flow systems develop when the flow regime on the bank switches from laminar
to turbulent flow as a function of tidal, current, wind and wave energy fluxes across the
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banks. This hypothesis has never been tested on the bank and is based solely on computer
modeling.
The final mechanism that has been invoked to explain whitings through
resuspension is Langmuir circulation on the banks (Dierssen et al., 2009). Dierssen et al.
(2009) used remote sensing to observe an individual whiting and noted that a regular
pattern developed in the light attenuation in the whiting that matched up with the period
of Langmuir cells. However, Langmuir circulation may be acting on existing whiting
bodies that were formed through different processes (figure 2.16).
In conclusion, there is 14C evidence to support that whitings are resuspended
bottom sediment, but as of present there is no currently accepted model which
satisfactorily explains how the resuspension occurs. Additionally, the 7Be data is
irreconcilable, and the grain morphologies of the whitings are different from those
expected based on the morphology of the bottom sediments.
2.8.2

Direct Precipitation
The direct precipitation of carbonates from the water column to form whitings is

the oldest idea that modern scientists have invoked (e.g. Black, 1933; Cloud, 1962). The
direct precipitation hypotheses can be broken into two schools of thought: 1)
instantaneous precipitation of aragonite as a function of saturation indexes (e.g. Cloud,
1962; Bustos-Serrano et al., 2009); and 2) precipitation onto fine grained material that is
suspended in the water column, allowing for the aragonite kinetic barrier to be overcome;
known as the hip-hop’n model (sic) (Morse et al., 2003). The fact that the whiting grains
are very young (less than 100 days old) based on 7Be would suggest that the whiting
material is formed through direct precipitation as the material is recently formed.
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The instantaneous precipitation model works when the water becomes supersaturated with respect to CaCO3 and then precipitation of CaCO3 occurs until the water is
no longer super saturated (e.g. Cloud, 1962). The bank waters in the Bahamas have long
been known to be often be super-saturated with CaCO3 which lends to support of the
direct precipitation model (Broecker and Takahshi, 1966). This model until recently was
dismissed as there was no evidence that the water chemistry changed inside of a whiting
relative to the water outside of the whiting during precipitation of carbonate material (e.g.
Broecker et al., 2000). However, Bustos-Serrano et al. (2009) demonstrated for the first
time that there was a change in water chemistry (i.e. alkalinity) inside of whitings on
Little Bahama Bank, which would seem to suggest the direct precipitation of carbonate
material.
The other model for direct precipitation is the hip-hop’n (sic) model, which is a
mix of direct precipitation and resuspension (Morse et al., 2003). In this model fine
grained carbonate sediments are resuspended (through an unstated mechanism), and
given the high concentration of CaCO3 in the water column, aragonite is precipitated onto
the suspended grains (i.e. nucleation points) (Morse et al., 2003). This model could
explain the old 14C dates for the individual whiting grains as they are reworked
sediments, as the sediments must either be constantly bioturbated in order to produce a
homogenization of the sediments, or the source material for the whitings is very localized
and deep. However the hip-hop’n (sic) model does not explain 7Be dates, and the
distribution of 7Be in the individual grains (i.e. enrichment in the core and depletion in
the rim). The direct precipitation models also have a problem in that to form a whiting,
the entire amount of dissolved CaCO3 in the whiting volume must have been precipitated
38

to achieve mass balance and such a complete precipitation is highly unlikely (e.g.
Broecker and Takahshi, 1966; Robbins et al., 1997).
2.8.3

Biological Mediation
Biological mediation is the newest mechanism that is currently used to explain

whiting formation in the Bahamas. Biological mediation may cause whitings through four
different mechanisms: 1) picoplankton blooms (Robbins and Blackwelder, 1992); 2)
phytoplankton blooms (Wells and Illing, 1964); 3) green algae (Yates and Robbins,
1998); 4) growth of aragonite in the extracellular polymer substances around various
microbes (e.g. Thompson, 2000). Before going into detail with these models, it is worth
noting that there is no evidence that there is a sufficient amount of nutrients on the
Bahamian banks in the present time to create the necessary large colonies of organisms,
in fact colonies of this size have never been observed on the banks (e.g. Broecker and
Takahshi, 1966; Morse et al., 1984; Morse et al., 2003; Shinn et al., 1989). Additionally,
the grain morphology between the grains found in whitings does not match the
morphology of the grains found within the common algae of the Bahamas (figure 2.15)
(Macintryre and Reid, 1992). Finally, the 14C age of the sediments does not seem to work
for any of these models, as the CO2 should all be modern; however, the 7Be data is
supported by these models as they may imply rapid precipitation of CaCO3.
Picoplankton (e.g. Synechococcus sp. and Synechocystis sp.) may contribute to
whiting material in the Bahamas (Robbins and Blackwelder, 1992). This hypothesis is
based on examining whiting material that was collected over several ship board
expeditions. Robbins and Blackwelder (1992) found that the there was a protein content
in the water that is associated with the whitings and that CaCO 3 was precipitating within
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the cellular membranes of the picoplankton. Robbins and Blackwelder (1992) made the
assumption that the majority of the whiting material in the water is the result of
picoplanktons precipitating CaCO3, either in their cellular membranes or as a function of
their metabolic and photosynthetic activities that modify the pCO2 of the water column.
Finally, Robbins et al. (1996) report that the concentration of picoplankton within a
whiting is greater than the concentration outside of a whiting, offering additional support
that whitings may be in part the result of picoplankton activities.
In the Persian Gulf, whitings also form in association with phytoplankton blooms
(Wells and Illing, 1964). In the case of the Persian Gulf, the photosynthesis of the
phytoplankton results in a dramatic decrease in the pCO2 of the water column which then
results in the precipitation of whiting material from an originally supersaturated water
body. In this case the organisms are not actively causing precipitation, but their biological
processes result in the change of the chemistry of the surrounding water body, driving the
precipitation of CaCO3. Note that the water in the Persian Gulf is much more nutrient rich
than the water in the Bahamas (Wells and Illing, 1964).
Green algae (e.g. Nannochloris) have been hypothesized to play a role in the
formation of whiting material (Yates and Robbins, 1998). In laboratory experiments
green algae can produce enough CaCO3 to account for whitings (when scaled up).
However, the lab experiment was conducted using the water chemistry of a Lake Reeve
in Australia and then the whiting data were extrapolated to the Bahamas. This brings into
question the validity of the model when it is not a true representative of the environment
of formation, especially when such rich colonies of green algae are unknown in the
Bahamas, as the growth rates in the Bahamas are insufficient (Shinn et al., 1989).
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In all of these cases there is at least a component of the whiting material that is
formed within the extracellular polymer substances (EPS) of the cells (e.g. Thompson,
2000). This precipitation is caused by the immediate chemistry changes in the water
surrounding the organism as it undergoes photosynthesis and respiration. This localized
precipitation occurs in the picoplankton, phytoplankton, and green algae that were
discussed earlier (Robbins and Blackwelder, 1992; Wells and Illing, 1964; Yates and
Robbins, 1998). Finally, Yates and Robbins (1999) report that there may be an
intersection of biological mediation and physical processes, when biological activity
forms a seed crystal, and the kinetic barrier is overcome allowing for the supersaturated
water to precipitate CaCO3 on the seed crystal; similar to the hip-hop’n model, just that
the nucleation points are biological in origin, not resuspended material (Morse et al.,
2003; Yates and Robbins, 1999).
Furthermore, it is worth noting that Debenay et al. (1999) and Stieglitz (1973)
conducted studies analyzing the broken up carbonate organisms and determining the
morphologies of the crushed material. Debenay et al. (1999) looked at the crushing of
foraminifera and its role in the production of lime mud. Stieglitz (1973) looked at the
crushing of foraminfera, mollusks, and corals and how they would act as other carbonate
needle sources as opposed to algae and inorganic precipitation. While neither Debenay et
al. (1999) nor Stieglitz (1973) demonstrated that the broken remains of the various
organisms matched the morphologies of whiting grains, it is important to note that there
may still be additional potential sources of biologically derived carbonate mud that have
been unaccounted for or overlooked.
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In conclusion there is some evidence that indicates that whitings may be
biologically mediated by either the precipitation of CaCO 3 in the extracellular polymer
substances of the organisms, or as a result of micro environmental changes around the
cell as a result of photosynthesis and respiration. However, presently there are
insufficient nutrient sources in the Bahamas to develop such large colonies of organisms,
the 14C data is irreconcilable, and the grain morphology of whiting material does not
match that of the grains produced by the various microorganisms.
2.8.4

Whitings in the Rock Record
The formation of whitings has major implications for our understanding of

carbonate systems because it has been hypothesized that whitings may contribute a
significant role in the accumulation of micrite, especially during the Triassic through
mid-Cretaceous (Pomar and Hallock, 2008; Schlager, 2003). Additionally, Pomar and
Hallock (2008) argue that the micrite is formed by photosynthetic organisms modifying
their immediate environments chemistry, given the abundance of phototrophs during the
Triassic through the Cretaceous.
In the Upper Jurassic limestones of southern Germany there is evidence that a
majority of the carbonate material was formed during paleo-whiting events (Bartolini et
al., 2003). The rationale that the carbonate material is whiting in origin is that there is no
other mechanism to explain the presence of such large quantities of carbonate mud, and
because whitings are poorly constrained and thereby make a likely source. Therefore,
based on the modeling of Robbins et al. (1997), Bartolini et al. (2003) conclude that
whitings are the only feasible mechanism to explain the thick micrite deposits. However,
Bartolini et al. (2003) note that there is no way to definitively identify whitings in the
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rock record as there is no known geochemical tracer as of yet, and the present day
mechanism still is undecided further complicating identification in the rock record.
Furthermore, work has been done to examine the accumulation of lime-mud in the
rock record, to ascertain its implications for the global carbon budget through the
Phanerozoic, which has implications for how we understand the climate change that is
occurring presently especially given the frequency of whiting events (Yates and Robbins,
2001). Specifically, the novelty of biologic processes controlling carbonate deposition
has significant implications for understanding CO2 fluctuations in the atmosphere during
the Phanerozoic and the evolution of calcifying microbes. While the mechanism
controlling whiting formation is undetermined as of present it is important not to
overlook the significance of the impacts on the global carbon budget by whitings (Yates
and Robbins, 2001).
Additionally, simple calculations based on whiting occurrence, frequency, and
duration suggest that whiting material accounts for more than all of the lime mud on the
Bahamian banks, so understanding the exact whiting formation mechanism may have
significant implications for understanding the sediment budget in the Bahamas today
(Morse et al., 2003; Robbins et al., 1997). Finally, understanding whiting formation in the
Bahamas also has significant impact for understanding the carbonate sediment budget in
the Bahamas and around the world in the past as sea-levels fluctuate (Milliman et al.,
1993; Turpin et al., 2011).
Whitings may play a major role in the formation and accumulation of micrite in
the rock record, especially during the Mesozoic. However, as of present there is no way
to know for sure that the micrite comes from whitings, because there is no known
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geochemical or biological marker to associate with the features (e.g. Bartolini et al.
2003). However, carbonate deposition associated with micrite in the rock record almost
certainly plays a role in the global carbon budget and perhaps in microbial evolution
(Yates and Robbins, 2001).
2.9

Global Carbon Budget
Atmospheric carbon has long been tied to average temperature increases on Earth

(e.g. Schimel et al., 1996). With the rise in realization that humans may be altering the
Earth’s climate through the consumption of fossil fuels and their release of carbon into
the atmosphere, tracking the earth’s climate budget has become of great importance (e.g.
Schimel et al., 1996; Serrano-Ortiz et al., 2010).
Earth’s global carbon budget is in fact balanced, given the laws of mass
conservation, however, where and how much carbon is cycled through which processes is
relatively poorly constrained (Houghton, 2007). Geologic processes can greatly affect the
Earth’s global carbon budget. For example the release of CO 2 during volcanic eruptions
can periodically add significant amounts of CO2 into the atmosphere (e.g. Houghton,
2007; Sundquist and Visser, 2003). Additionally, the transport of carbon in streams and
rivers also has significant impacts on the carbon budget as this can remove carbon from
the surface and environment, and ultimately put it in a deep marine or lacustrine
environment, effectively sequestering it (e.g. Houghton, 2007; Sundquist and Visser,
2003).
Furthermore, the chemical weathering of silicate rocks can also result in the
sequester of CO2 from the atmosphere, however, this is a very slow reaction (Liu et al.,
2011). Finally, the chemical weathering of carbonate rocks (e.g. limestone and dolomite),
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results in a relatively quick drawdown of atmospheric carbon (Liu et al., 2011). Liu et al.
(2011) report that the amount of carbon drawdown from the atmosphere due to the
chemical weathering of silicates represents about 6% of the total removal of carbon by
the chemical weathering of rocks whereas carbonates represent the remaining 94% of the
total amount of carbon drawdown related to the chemical weathering of rocks. This
suggests that the weathering of carbonates is much more significant in balancing the
global carbon budget than that of silicates even though in the past the majority of the
efforts in balancing the global carbon budget through the chemical weathering of rocks
has emphasized silicate weathering (e.g. Houghton, 2007; Sundquist and Visser, 2003).
The dissolution of limestone results in the removal of one mol of carbon dioxide
from the atmosphere for every mol of calcium carbonate dissolved (equation 2.3).
CaCO3 + CO2 + H2O ↔ Ca2+ + 2HCO3-

2.3

This process has been proposed to result in significant removal of atmospheric
CO2 (e.g. Gombert, 2002; Liu et al., 2011; Mylroie, 1993; 2008). Gombert (2002)
proposed that on the global scale karst denudation resulted in the removal of 0.3 gigatons
(Gt) of C per year from the atmosphere. This 0.3 Gt C per year represents 21% of the
unknown carbon sink in the continental biosphere suggesting that karst processes play a
significant role in balancing the global carbon budget (Gombert, 2002; Liu et al., 2011;
Schimel et al., 1996).
The ultimate fate of the CO2 as a bicarbonate molecule is to be transported to the
oceans. Once in the ocean this bicarbonate molecule contributes to the overall acidity of
the ocean (e.g. Liu et al., 2010). In the marine environment this inorganic carbon may be
used by marine organisms during photosynthesis resulting in the effective sequester of
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the carbon which is ultimately transported to the seafloor where it accumulates as
sediment (Mackenzie, 1998; Liu et al., 2010). The accumulation of the carbonate
sediment and organic matter on the seafloor may then be transported into a subduction
zone where the carbon is then released back into the atmosphere through volcanism
(Mackenzie, 1998). Additionally the role of carbonate dissolution has been trivialized
because the formation of limestone results in the liberation of CO2 (the reverse reaction
of equation 2.3, Mackenzie, 1998), however the forward and reverse reactions of
equation 2.3 have not always occurred at the same rate during the Phanerozoic and
therefore, over relatively long periods of geologic time karst processes may result in the
net drawdown of atmospheric carbon (Sundquist and Visser, 2003). The difficulty in
determining the effective drawdown of atmospheric carbon by karst processes is that the
rates at which the carbon is released back into the atmosphere are difficult to nearly
impossible to accurately model and predict; therefore nearly all studies focus on one
small component of the carbon cycle, including this current one (e.g. Mackenzie, 1998;
Liu et al., 2010; Sundquist and Visser, 2003).
Additionally, most of the calculations that deal with the role of carbonate
dissolution depend on surface denudation and not on cave formation (e.g. Gombert, 2002;
White, 1984). This is because over the carbonate areas in the world that the vast majority
of carbonate dissolution is associated with denudation and surface lowering, whereas the
formation of caves is insignificant in the total calculation (White, 2000; 2007).
The only work completed looking at the role of karstic denudation in the global
carbon budget in the present and during the last glacial maximum was Mylroie (1993).
Mylroie (1993) discovered that the drawdown of carbon during the last glacial maximum
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by carbonate dissolution and release of carbon during the present day from carbonate
deposition resulted in a net balance when viewed over the average length of glacial and
interglacial cycles in the Bahamas. While the Bahamas appear to balance out between
deposition and dissolution during the last glacial maximum and today, no work has been
done to look at how these processes balance out over the entire Earth’s surface as there
are land area changes due to changing sea-level position and ice-cover along with
climatic changes which Mylroie (1993) recognized but did not take into account.
2.10 Hypotheses
Each of these subheadings and hypotheses will be published in a peer-reviewed
journal.
2.10.1 Blue Hole Formation
In the Bahamas progradational collapse blue holes are often found to intersect
conduits at depth. These conduits are thought to form under low sea-level position when
the bank catchment area for recharge increases. First principles modeling will allow for
this hypothesis to be tested: Conduit caves form in the Bahamas under low sea-level
stands because of the inefficient nature of diffuse flow under large catchment areas.
Collapse and blue hole distributions will also be modeled. Blue hole distributions
are expected to be high, based on the current blue hole databases, however many of these
features should be sediment-filled given their location is on the open banks.
2.10.2 Whiting Formation
Whitings have been long discussed in the literature and their formation
mechanism has been hotly debated. Larson and Mylroie (2012a) hypothesized that
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whitings were the result of tidal pumping though sediment-filled blue holes. As water is
brought up from depth the water warms and degasses CO2, both of which drive
precipitation of CaCO3. Additionally, at this time nutrients may be brought up from depth
resulting in the potential for a small algal bloom. The reason that whitings form from a
sediment-filled blue hole, and does not form in an open blue hole does is because the
sediment-filled blue hole ensures saturation of the water with respect to CaCO 3.
2.10.3 Global Carbon Budget
It has been demonstrated that karst processes play a role in the global carbon
budget (Ford and Williams, 2006; White, 1988). However, the role that karst dissolution
plays on atmospheric carbon draw down during the present day and during the last glacial
maximum (LGM) has never been calculated. The research hypothesis then is that the
drawdown of present day carbon from the atmosphere due to karst dissolution at all
latitudes is balanced with the drawdown of atmospheric carbon during the last glacial
maximum due to dissolution of carbonate banks exposed as sea level falls, and as high
latitude karst is at the same time lost to ice cover. These two drawdowns due to karst
dissolution are able to balance based on climatic differences, land area differences, and
mineralogical differences that are based on the land area changes.
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Figure 2.1

The mixing of two saturated waters (with respect to CaCO3) results in an
undersaturated water that can dissolved CaCO3. Modified from Dreybrodt
(2000).
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Figure 2.2

The sea-level curve for the Bahamas during the Quaternary as determined
based on δ18O. Note that sea-level has spent significantly more time lower
than today’s conditions. Modified from Lascu (2005).
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Figure 2.3

The CIKM. Note that the geology of the idealized islands becomes more
complex the further down through the figure. The Bahamas represent a
Simple Carbonate Island, the simplest scenario. Modified from Jensen et al.
(2006).
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Figure 2.4

Location map for the Bahamas. Note that a 10m drop in sea-level would
increase the amount of suberial land by over 1000%. Image from Google
Earth.
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Figure 2.5

A map of the water budgets in the Bahamas showing the wetter climate to
the north and drier climate to the south. From Whitaker and Smart (1997).
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Age

Stratigraphic Nomenclature

Holocene

Middle
Pleistocene
Early Pleistocene

Figure 2.6

Lucyan Limestone Group

Late Pleistocene

Rice Bay Frm

Hanna Bay Mbr
North Point Mbr

Whale Point Frm
Grotto Beach Frm

Cockburn Town Mbr
French Bay Mbr

Owl's Hole Frm
Misery Point Frm

Middle Pliocene

Timber Bay Frm

Late Miocene

Little Bay Frm

Early Miocene

Mayaguana Frm

The stratigraphic column for the Bahamas encompassing the Miocene to
present. Note that the Lucayan Limestone is an unofficial group. Modified
from Carew and Mylroie (1997); Godefroid (2011); Kindler et al. (2011).
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A

B

Figure 2.7

A representative figure showing the configuration of the freshwater lenses
of the Bahamas. A) Portrays the lens as typically drawn with about 40x
vertical exaggeration; B) Portrays the lens with no vertical exaggeration
demonstrating that the lens is flatter than typically thought. Modified from
Fratesi (2013).
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Figure 2.8

The four possible ways for blue holes to form. A) Flooding of vadose
shafts. B) Progradational collapse from a void at depth. C) Dissolution
along the halocline (not thought to be a dominate model anymore, see text).
D) Bank margin failure. Modified from Mylroie et al. (1995).
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(Blue Hole)

Figure 2.9

A sediment filled blue hole in a seismic log off Great Bahama Bank.
Modified from Beach (1995).
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Figure 2.10

Dean’s Blue Hole on Long Island. Note that the blue hole is in a protected
lagoonal environment.
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Figure 2.11

A diagrammatic drawing of Sawmill Sink Blue Hole on Abaco. Note the
large amounts of breakdown that is partially filling the feature. Modified
from Steadman et al (2007).

59

Figure 2.12

Breakdown can obscure the true dissolution surfaces in blue holes and
make the bottom depths recorded not truly represent the formation depth.
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A

B

Figure 2.13

A map of A) Conch Sound Blue Hole 1 and B) Rat Cay Blue Hole on
Andros Island. These blue holes intersects conduit systems at depth and the
conduit in both cases served as the incipient void. Modified from Farr and
Palmer (1984).
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Figure 2.14

A representative photography of a whiting on Little Bahama Bank about 25
km west of Cooperstown, Abaco. Note the well defined point source to the
left. The length of the feature is about 1.5 km and was photographed on
June 19, 2013.
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Figure 2.15

A collection of micrographs of whiting grains, along with bottom
sediments and grains derieved from biological processes. Panel A) whiting
material; B) bottom sediment; C) Halimeda incrassata; D) Udotea
flabellum; E) Rhipocephalus phoenix; F) Penicillus capitatus. Modified
from Macintyre and Reid (1992).
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Figure 2.16

Langmuir circulation can act on whiting bodies after the whiting has
formed. Note that the waves are moving from the top to the bottom of the
image.
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CHAPTER III
THE DEVELOPMENT OF CONDUIT CAVES IN THE BAHAMAS

3.1

About this chapter
The chapter is a journal article that will be submitted for publication in the Journal

of Cave and Karst Studies. The authors are Erik B. Larson and John E. Mylroie. Note that
several parts of the background information section (3.4) are from the introduction
section of the dissertation (chapter 2).
3.2

Abstract
Conduit caves are known to exist in the Bahamas starting at depths of 15m below

modern sea-level. These conduit caves have been proposed to form when sea-level is
lower and the aquifers in the islands can no longer drain effectively by diffuse flow. As a
result, the aquifers must develop conduits in order to drain the lens. However, this model
has only been proposed and has never been tested. The transfer from diffuse flow to
conduit flow is quantitatively demonstrated in this report, where the increasing size of the
island is the primary control on the switch to conduit flow, but the recharge rate also
controls the switch from diffuse to turbulent conduit flow. The switch to conduit flow
occurs around platform sizes of 5-10 km in radius. The conduit caves in the Bahamas are
significant in that they act as the incipient void for progradational collapse blue holes,
and explain the development of blue holes.
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3.3

Introduction
The exploration of Bahamian blue holes by cave divers led to the discovery of

conduit caves deep within the Bahamian banks. These conduit caves act as the incipient
void into which progradational collapse occurs, creating some of the blue holes in the
Bahamas (Mylroie et al., 1995). Conduit caves in the Bahamas are only found below
modern sea-level, starting at about 15m below MSL (e.g. Farr and Palmer, 1984; Vacher
and Mylroie, 2002). Additionally these large scale conduit systems are only formed on
the largest of the Bahamian banks (figure 1.1): Great Bahama, Little Bahama, and Cay
Sal suggesting the conduit formation is bank size dependent (Larson and Mylroie, 2012a;
Vacher and Mylroie, 2002). Mylroie and Vacher (1999) first proposed that the reason for
conduit cave development in the Bahamas is that when sea-level is 15 meters lower than
present, the banks are exposed and therefore catchment area increases by the square while
the discharging bank margin only increases linearly. This means that at a certain ratio
between catchment area and perimeter, the diffuse flow in the freshwater lens becomes
inefficient, and the system switches over to conduit flow as the aquifer self-organizes its
porosity over time. However, no researchers since then have demonstrated that this is in
fact what is happening through first principles modeling, even though this process is
commonly evoked (e.g. Kambesis and Coke, 2013; Mylroie and Mylroie, 2007; Mylroie
and Mylroie; 2011). This paper contains first principle analysis of conduit formation in
the Bahamas.
3.4

Background Information
The incipient voids for the progradational collapse blue holes in the Bahamas are

considered to be conduits (e.g. Farr and Palmer, 1984; Mylroie et al., 1995). These
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conduits are only found at least 15 meters below current sea-level, implying that there is a
change from diffuse flow to conduit flow when sea-level drops and the platforms are
exposed (e.g. Larson and Mylroie, 2012a; Mylroie and Mylroie, 2011). These conduits
are only known to exist on the larger of the Bahamian banks suggesting that there is a
maximum size island that diffuse flow regimes can drain (Larson and Mylroie, 2012a).
These banks are the only ones on which conduits are known to exist, based on
progradational collapse blue hole entry: Great Bahama bank (approximately 300 km by
500 km), Little Bahama bank approximately (200 km by 100 km), Cay Sal bank
(approximately 100 km by 60 km), and Crooked and Acklins bank (approximately 60 km
by 60 km) (Larson and Mylroie, 2012a,b).
Originally Palmer and Williams (1984) proposed that the conduits into which
progradational collapse blue holes broke into were formed through dissolution along the
bottom of the freshwater lens. However, Moore et al. (2007) and Mylroie and Mylroie
(2011) argue that blue hole formation along the halocline is unlikely as dissolution within
the freshwater lens is concentrated at the margin of the lens. Also, the freshwater lens is
typically drawn vertically exaggerated, and this led some researchers to think that
dissolution along the halocline could form near vertical shafts and large voids inland.
However, when the lens is drawn correctly it is nearly horizontal with little vertical
extent. Baceta et al. (2007) have shown enhanced porosity zones (spongerock) along the
base of a paleolens that may extend inland dozens of kilometers.
Conduit caves are also found in carbonates of coastal continental areas, most
notable, the Yucatan, and Australia (e.g. Kambesis and Coke; Webb and James, 2006).
The Yucatan is a unique environment because it effectively acts hydrologically as a large
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island (Kambesis and Coke, 2013). The conduit caves of the Yucatan form by the mixing
of fresh and marine waters in an initially steep hydraulic gradient in a rock with a high
primary porosity (Beddows, 2004; Smart et al., 2006). As the conduit enlarges, velocity
and discharge increase resulting in a positive feedback loop that focuses dissolution at the
expense of further permeability increases in the matrix or fractures. This results in the
development of an efficient conduit system (Ford and Williams, 2007; Smart et al.,
2006). The conduit caves in the Yucatan are also integrated vertically through
progradational collapse, and in many locations collapse reaches the surface resulting in
the formation of cenotes, perhaps the Mexican equivalent of Bahamian blue holes
(Beddows, 2004; Mylroie et al., 1995; Smart et al., 2006). Additionally, flank margin
caves are found in the Yucatan in coastal eolianites suggesting that the freshwater lens is
capable of both conduit formation and flank margin cave formation in different lens
localities at the same time (Kelley et al., 2006). The flank margin caves developed
between conduit discharge locations, where local diffuse flow could reach the coast more
easily than traveling laterally to a distant conduit (Kelley et al., 2006). The conduit caves
of the Nullarbor Plain in Australia primarily formed during the Oligocene in eogenetic
rocks (Webb and James, 2006). These caves then began collapsing during the late
Miocene due to sea-level lowering and loss of buoyant support (Webb and James, 2006).
As the climate dried, evaporites formed in the joints of the caves resulting in further
break down through crystal wedging. This crystal wedging led to collapse dolines as seen
today, that intersect extensive flooded conduits (Webb and James, 2006). However, flank
margin caves also formed in the Nullarbor environment, possibly utilizing the slow
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diffuse flow coastal areas within a past freshwater lens between conduit flow paths as is
observed in the Yucatan (Burnett et al., 2013).
The host rock that supports the conduit caves in the Bahamas is a diagentically
immature (i.e. eogenetic) limestone (Carew and Mylroie, 1997; Vacher and Mylroie
2002). This eogenetic limestone behaves as an equivalent porus medium, meaning that
given the high primary porosity of the rock, the aquifer can be visualized as a system of
multiple small tubes (Vacher and Mylroie, 2002). As the aquifer host rock undergoes
meteoric diagenesis the overall porosity of the system decreases, while the permeability
and hydraulic conductivity increase as the remaining porosity re-organizes into a
touching-vug flow system (Vacher and Mylroie, 2002).
Once the conduits are formed they may undergo collapse leading to the formation
of progradational collapse blue holes in the Bahamas (Larson and Mylroie, 2012a). The
collapse of conduits in the Bahamas is controlled in part by the density of the host rock.
Eogenetic limestone density is significantly less than that of telogenetic (1.9 and 2.5 gcm 3

, respectively) limestone in that eogenetic rocks should be more resilient against collapse

(sensu Palmer, 2006; sensu White, 1988). However, it is clear that collapse still occurs in
the subaerially exposed flank margin caves of the Bahamas (Labourdette et al., 2007).
Collapse in caves is most likely to occur as the conduits become air filled when sea-level
falls and the roof has lost its buoyant support (White, 1988). Additionally, the
progradational collapse blue holes in the Bahamas have talus piles below the entrance,
and if it is possible to enter a conduit, the conduit itself may be partially collapsed
making the determination of formation depth difficult given the lack of dissolutional
surfaces (e.g. Larson and Mylroie, 2012a; Steadman et al., 2007). Finally, it is clear that
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significant amounts of collapse can occur in the Bahamas. This is demonstrated best by
Dean’s Blue Hole, which descends 202m to a breakdown pile of unknown thickness
(Wilson, 1992).
3.5

Methods
First principles (conceptual) modeling was used in this research. The flow of

water through the eogenetic host rock was treated as an equivalent porous medium,
meaning that the aquifer host rock could be treated as a system of many small tubes
(Vacher and Mylroie, 2002). Multiple island sizes were selected from large islands to
small islands to determine if island size does in fact control conduit formation in the
Bahamas as Mylroie and Vacher (1999) proposed. Three different recharge rates were
also used, 0.5 m / yr, 1.0 m / yr and 1.5 m / yr, which are similar to the water budget rates
of Whitaker and Smart (1997). In addition, three discrete time intervals were chosen to
run the models, which correlate to the initial conditions, touching-vug porosity, and full
conduit systems based from Vacher and Mylroie (2002) which are similar to the actually
hydraulic conductivities of the aquifers in the Bahamas as described by Whitaker and
Smart (1997) (table 3.1). Conduit size growth rates were taken from Moore et al. (2010)
who analyzed eogenetic conduit growth rates in Florida (figure 3.1).
The number of tubes used under the initial conditions was determined by
calculating the area of the discharging face of the islands (figure 3.2a). The volume of
recharge was calculated by multiplying the recharge rate by the land area (figure 3.2b).
This volume of water was then discharged from the lens. Using the cross-sectional area
of the tubes and the number of tubes, the velocity of water discharging from the system
could then be calculated. If the initial tubes were the primary porosity, then tube size
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started at less than 0.001m in radius (figure 3.1). As flow develops, these tubes evolve in
size and become larger, reaching the second condition of touching-vug size about 0.03m
radius, and finally conduit size end conditions beginning at about 0.9m radius (figure
3.1). The error and accuracy of these models is a function of the assumptions made for
the model: recharge rates, island size, initial porosity and the conduit growth rate.
The number of tubes used for the second and third time interval conditions was
arbitrarily determined as a function of conduits per island perimeter (figure 3.3). These
systems then had to drain the various islands, and velocities of the discharging waters
were calculated.
All of the velocities calculated were then converted to Reynolds Numbers
(equation 3.1) as this allows for calibration of the discharging velocities as a function of
conduit size (Smith et al., 1976):
Nr = ρvd / μ

3.1

Where Nr is the Reynolds Number, ρ is the density of fresh water, d is the
diameter of the conduit and μ is the viscosity of water.
The hydraulic conductivities were also converted into Reynolds Numbers and
plotted onto the graphs of island size versus Reynolds Number. When the Reynolds
Number for the hypothetical islands exceeds the Reynolds Number of the hydraulic
conductivities it indicates that the island may not efficiently drain the lens, suggesting the
development of conduit and turbulent flow in the system. Turbulent flow begins with a
Reynolds Number of 2000 or greater (Smith et al., 1976).
Additionally, for the last two conduit sizes it was assumed that all of the water
drained through the large conduits. However, in reality not all of the water would drain
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through these conduit systems, some of the water would drain as diffuse flow. This
explains the formation of conduit caves in association with flank margin caves (a diffuse
flow phenomenon) in both Australia and the Yucatan (e.g. Burnett et al., 2013; Kelley et
al., 2006, respectively). Therefore, for each of the two final conduit sizes the models were
run three total times, assuming all the water discharged through the conduits, half the
water discharged through the conduits, and a fourth of the water discharged through the
conduits. All of the models were run in Excel.
3.6

Results
Under the initial conditions where the aquifer is treated as an equivalent porous

medium the aquifer is able to drain at or below the hydraulic conductivity under all of the
recharge rates (figure 3.4). However, over time the carbonate aquifer self modifies and no
longer acts as an equivalent porous medium by developing touching-vug porosity. At the
middle time stage (i.e.touching-vug porosity) under the various recharge rates the larger
islands have Reynolds Numbers that are higher than the hydraulic conductivity. Whereas
the smaller islands have Reynolds Numbers that are less than the hydraulic conductivity
(figure 3.5). At the final time stage (i.e. conduits) under the various recharge rates the
larger islands have Reynolds Numbers that are higher than the hydraulic conductivity.
Whereas the smaller islands have Reynolds Numbers that are less than the hydraulic
conductivity, but all of the curves are closer to the hydraulic conductivity line (figure 3.6)
When not all of the water drains from modeled conduits as diffuse flow, the Reynolds
number curves are pulled closer to the hydraulic conductivity line (figure 3.7).
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3.7

Discussion
The conduit caves that are in the Bahamas are all found about 15m or more below

modern sea-level. When sea-level drops by 15m the Bahamian banks become subaerially
exposed increasing the amount of subaerially exposed land by the square while perimeter
increases linearly. The conduit caves in the Bahamas likely formed during previous lowstands during the Pleistocene. The presence of these conduits in the Bahamian banks
indicate previous sea-level still stands. As a result of forming at a sea-level still stand
there is more continuous time providing the conduits more time to form (Larson and
Mylroie, 2012a; Mylroie and Mylroie, 2007). Additionally, as sea-level fluctuates it may
inundate the same elevations within the aquifer multiple times allowing for conduit to
develop over many discrete time intervals.
Regardless of size, the islands can drain the lens under the initial characteristics of
the eogenetic aquifer, as demonstrated by figure 3.4 since all of the Reynolds Numbers
for the models were below that of the Reynolds Number for the hydraulic conductivity.
However, carbonate aquifers are constantly self-modifying. This modification in
eogenetic islands involves the formation of vuggy and conduit flow conditions. As the
islands continue to modify the flow within the aquifer that flow is preferentially
concentrated towards the initial conduits. The conduits are able to adequately drain the
freshwater lens, but competition between conduits occur, which then results in a feedback
cycle to encourage the growth of selected larger conduits.
Large scale conduit development only occurs on the large platforms as is
evidenced in figures 3.4 and 3.5. When the platforms are small it is still possible to drain
the lens effectively, and the Reynolds Numbers for the smaller islands is below the
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threshold for the switch from diffuse flow to conduit flow (Smith et al., 1976) suggesting
diffuse flow regimes dominate at the expense of conduit flow regimes.
Additionally, the amount of recharge into the aquifer may change over time due
climatic changes (Whitaker and Smart, 1997). During the Pleistocene glaciations the
amount of precipitation decreased in the Bahamian archipelago (Lynch-Stieglitz et al.,
1999), however, the changes in the amount of recharge have a less significant effect on
the Reynolds Numbers than island size (figure 3.7). Both platform size and precipitation
decrease southeastward in the Bahamian archipelago. The lack of deep blue holes and
extensive conduit systems in the southeastern Bahamas appears to be controlled more by
platform size than by climate (figure 3.7).
These conduits may then collapse, which if the collapse is to the surface forms a
blue hole in the Bahamas. Blue holes provide the only access points to conduits in the
Bahamas. Blue holes in the Bahamas are significant because they provide biological
habitats (Farr and Palmer, 1984), act as archeological reservoirs (Steadman et al., 2007),
and most recently, have been proposed to be part of the source mechanism for whitings in
the Bahamas (Larson and Mylroie, 2012a).
3.8

Conclusions
This paper is the first attempt to quantify the switch from diffuse to conduit flow

in the Bahamas that has been cited in the literature for the last 15 years (e.g. Mylroie and
Vacher, 1999). Small islands are able to drain effectively under diffuse flow regimes,
however larger islands are able to support conduit flow as well as diffuse flow regimes,
and develop conduit flow. These conduit caves in the Bahamas are made when sea-level
is at least 15m lower than present when the size of the subaerially exposed land increases
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sufficiently enough to develop conduit flow. The formation of these conduits is
significant because it affects the hydrology of the aquifer and provides the incipient void
for the formation of progradational collapse blue holes.
3.9
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Table 3.1

Aquifer characteristics for the models at the three discrete time intervals.

Time 1
Time 2
Time 3

Years Porosity (%) Tube Radius (m) Hydraulic Conductivity (m / sec)
0
25
0.0005
5
12
20
0.035
500
300
15
0.75
5000
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Figure 3.1

Conduit growth rates based off of Moore et al. (2010) along with along
with the discrete time intervals indicated. The middle conditions are
touching-vug porosity and the end conditions are conduit flow.

77

Figure 3.2

A) The number of tubes in the equivalent porous medium based on island
size. B) The change in the amount of subearially exposed land as island
radius increases.
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Figure 3.3

The density of conduits along the discharging perimeter of the islands
based on island size. The different colors represent the number of conduits
for each of the different islands.
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Figure 3.4

The initial condition Reynolds Numbers under the three different recharge
rates. Note that the Reynolds Numbers for all of the different island sizes
are below the hydraulic conductivity.
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Figure 3.5

The second time interval Reynolds Numbers plotted against island size.
Note that for small island sizes that the Reynolds Numbers plot below the
hydraulic conductivity whereas for the larger island sizes that the Reynolds
Numbers plot above the hydraulic conductivity. A) Assuming a recharge
rate of 0.5 m / yr. B) Assuming a recharge rate of 1.0 m / yr. C) Assuming
a recharge rate of 1.5 m / yr. Note that as recharge rates increase that the
Reynolds Numbers increase.
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Figure 3.6

The third time interval Reynolds Numbers plotted against island size. Note
that for small island sizes that the Reynolds Numbers plot below the
hydraulic conductivity whereas for the larger island sizes that the Reynolds
Numbers plot above the hydraulic conductivity. A) Assuming a recharge
rate of 0.5 m / yr. B) Assuming a recharge rate of 1.0 m / yr. C) Assuming
a recharge rate of 1.5 m / yr. Note that as recharge rates increase that the
Reynolds Numbers increase.
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Figure 3.7

The effect of reducing the amount of water from draining from the lens
through the conduits as exemplified by the final time interval for the 1 m /
yr recharge rate. A) Assuming the entire amount of recharge drains through
the conduits. B) Assuming that only half of the water drains through the
conduits. C) Assuming that only one-quarter of the water drains through
the conduits. Note that as more water is diverted to diffuse flow that the
Reynolds Numbers are deflected closer to the hydraulic conductivity (or
below it).
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CHAPTER IV
A REVIEW OF WHITING FORMATION IN THE BAHAMA AND NEW MODELS

4.1

About this chapter
The chapter is a journal article that will be submitted for publication in

Carbonates and Evaporites. The authors are Erik B. Larson and John E. Mylroie. Note
that several parts of the introduction section (4.3) are taken extensively from the
introduction to the dissertation (chapter 2).
4.2

Abstract
Whitings in the Bahamas have remained a sedimentological enigma for the last 80

years. Their formation has been prescribed to three major schools of thought: 1)
resuspension of bottom sediment; 2) direct precipitation from bank water, and; 3)
biological mediation. This paper reports on field evidence to support the formation of two
classes of whitings. The first class of whitings are those that have been reported in the
literature extensively for the past 80 years. These whitings occur in deeper bank water (515m) and are formed through the tidal oscillations of bank water through sediment-filled
blue holes. The fish suspension model, hypothesized but not demonstrated for whiting
occurrences out on the open banks, may apply to near-shore whiting events.
Sediment-filled blue hole distributions have also been calculated for the
Bahamian platforms and there should be more than 2500 sediment-filled blue holes on
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Great and Little Bahama Banks. This large number of sediment-filled blue holes on the
Bahamian banks more than adequately accounts for the density of whitings and explains
their point source nature and occurrence at the same locations through time.
4.3

Introduction
The purpose of this paper is to propose the existence of two different classes of

whitings (i.e. polygenetic origin), their formation mechanisms and to create a distribution
of sediment-filled progradational collapse blue holes in the Bahamas. The formation
mechanism for whitings in the Bahamas has been difficult to constrain over the last 80
years (e.g. Shinn et al., 1989). Models for formation have been wide ranging and will be
discussed in detail below. Tidal oscillation of bank water through sediment-filled
progradational collapse blue holes is currently being invoked to explain whiting
formation. Sediment-filled progradational collapse blue holes are known to exist across
the Bahamian archipelago based on previous seismic studies (e.g. Beach, 1995; Hine and
Steinmetz, 1984). However, the total number of sediment in-filled blue holes is unknown,
but can be estimated based on the known blue hole distributions on land.
4.3.1

Whitings
Whitings have been a sedimentological enigma in the Bahamian archipelago in

regards to their formation mechanism for the last 80 years. Whitings are clouds of fine
grained (<5μm) aragonite that are suspended in the water column on the Bahamian banks,
Hawaii, Florida Bay, the Persian Gulf, and in freshwater lakes around the world (figure
4.1) (e.g. Black, 1933; Ellis and Milliman, 1985; Glenn et al., 1995; Shinn et al., 1989;
Thompson et al., 1997). The Bahamian whitings will be the focus for the rest of this
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paper. Whitings seem to originate from a point source, remain suspended for multiple
days and are moved by the tides and currents on the banks (e.g. Shinn et al., 1989).
Whitings appear to be located in the same areas in the Bahamian archepeligo, with
disregard for bottom sediment facies (Bustos-Serrano et al., 2009; Robbins et al., 1997).
Whitings have bulk 14C ages of about 100-200 years on the Great Bahama Bank, and
about 700 years on the Little Bahama Bank (Broecker and Takahshi, 1966; BustosSerrano et al., 2009; Shinn et al., 1989). Whereas based on 7Be dating, whitings have
bulk dates of a few hundred days, and of more significance, the cores of the whiting
grains are enriched with 7Be, and their respective rims depleted with respect to 7Be
(Shinn et al., 2004). Whitings in the Bahamas have been hypothesized to have formed
through multiple mechanisms: 1) resuspension of bottom sediments; 2) direct
precipitation from the bank water, and; 3) biological mediation (e.g. Black, 1933;
Robbins and Blackwelder, 1992; Shinn et al., 1989).
4.3.1.1

Resuspension
The resuspension hypothesis for the formation of whitings is the oldest model for

formation but is also the most contentious as the local people believe that whitings are
formed through fish stirring up bottom sediments. However, there is no evidence
collected by researchers to support their model (Shinn, 1985). In short there are four
resuspension mechanisms: 1) resuspension due to fish activity (e.g. Shinn et al., 1989); 2)
resuspension due to specific fish activity of black tipped sharks (Broecker et al., 2000); 3)
resuspension due to micro-turbulent bursts (Boss and Neumann, 1993); and 4)
resuspension due to Langmuir circulation in the bank water (Dierssen et al., 2009). The
fact that whiting grains are 100-200 years old based on 14C suggests that resuspension
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may be the mechanism that forms whitings (Broecker and Takahshi, 1966; Shinn et al.,
1989). However, whiting grains appear to have a different morphology as compared to
the bottom sediments beneath them (Macintyre and Reid, 1992).
As mentioned earlier, the indigenous people of the Bahamas believe that whitings
are formed by schools of fish stirring up the sediments looking for food (Shinn, 1985).
This has been tested several times; divers have explored the bottom of whitings and
found no fish; side scan sonar has been used and no fish were discovered in whitings,
and; dynamite and piscicide (a poison) were also put in several whitings and no fish were
discovered (Shinn et al., 1989).
However, Broecker et al (2000) proposed that black tipped sharks may be stirring
up the bottom sediments. This is proposed based on the observation that black tipped
sharks are occasionally found in association with whitings. The black tipped sharks
would form the whiting to trap fish inside of it and then hunt the fish from within. This
model has only been proposed, no additional work has been done to test the models
validity.
From a physical point of view, whitings may be formed through the resuspension
of bottom sediment from micro-turbulent bursts (Boss and Neumann, 1993). These
turbulent flow systems develop when the flow regime on the bank switches from laminar
to turbulent flow as a function of tidal, current, wind and wave energy fluxes across the
banks. This hypothesis has never been tested on the bank and is based solely on computer
modeling.
The final mechanism that has been invoked to explain whitings through
resuspension is Langmuir circulation on the banks (Dierssen et al., 2009). Dierssen et al.
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(2009) used remote sensing to observe an individual whiting and noted that a regular
pattern developed in the light attenuation in the whiting that matched up with the period
of Langmuir cells. However, Langmuir circulation may be acting on existing whiting
bodies that were earlier formed through different processes.
In conclusion, there is 14C evidence to support that whitings are resuspended
bottom sediment, but as of present there is currently no accepted model which
satisfactorily explains how the resuspension occurs. Additionally, the 7Be data is
irreconcilable, and the grain morphologies of the whitings are different from those
expected based on the morphology of the bottom sediments.
4.3.1.2

Direct Precipitation
The direct precipitation of carbonates from the water column to form whitings is

the oldest idea that modern scientists have invoked (e.g. Black, 1933; Cloud, 1962). The
direct precipitation hypotheses can be broken into two schools of thought: 1)
instantaneous precipitation of aragonite as a function of saturation indexes (e.g. Cloud,
1962; Bustos-Serrano et al., 2009); and 2) precipitation onto fine grained material that is
suspended in the water column, allowing for the aragonite kinetic barrier to be overcome;
known as the hip-hop’n model [sic] (Morse et al., 2003). The fact that the whiting grains
are very young (less than 100 days old) based on 7Be would suggest that the whiting
material is formed through direct precipitation as the material is recently formed.
The instantaneous precipitation model works when the water becomes supersaturated with respect to CaCO3 and then precipitation of CaCO3 occurs until the water is
no longer super saturated (e.g. Cloud, 1962). The bank waters in the Bahamas are known
to often be super-saturated with CaCO3 which lends to support the direct precipitation
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model (Broecker and Takahshi, 1966). This model until recently was dismissed as there
was no evidence that the water chemistry changed inside of a whiting relative to the
water outside of the whiting during precipitation of carbonate material (e.g. Broecker et
al., 2000). However, Bustos-Serrano et al. (2009) demonstrated for the first time that
there was a change in water chemistry (i.e. alkalinity) inside of whitings on Little
Bahama Bank, which would seem to suggest the direct precipitation of carbonate
material.
The other model for direct precipitation is the hip-hop’n [sic] model, which is a
mix of direct precipitation and resuspension (Morse et al., 2003). In this model fine
grained carbonate sediments are resuspended (through an unstated mechanism), and
given the high concentration of CaCO3 in the water column, aragonite is precipitated onto
the suspended grains (i.e. nucleation points) (Morse et al., 2003). This model could
explain the old 14C dates for the individual whiting grains as they are reworked
sediments, as the sediments must either be constantly bioturbated in order to produce a
homogenization of the sediments, or the source material for the whitings is very localized
and deep. However, the hip-hop’n [sic] model does not explain 7Be dates, and the
distribution of 7Be in the individual grains (i.e. enrichment in the core and depletion in
the rim). The direct precipitation models also have a problem in that to form a whiting,
the entire amount of dissolved CaCO3 in the whiting volume must have been precipitated
to achieve mass balance and such a complete precipitation is highly unlikely (e.g.
Broecker and Takahshi, 1966; Robbins et al., 1997).
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4.3.1.3

Biological Mediation
Biological mediation is the newest mechanism that is currently used to explain

whiting formation in the Bahamas. Biological mediation may cause whitings through four
different mechanisms: 1) picoplankton blooms (Robbins and Blackwelder, 1992); 2)
phytoplankton blooms (Wells and Illing, 1964); 3) green algae (Yates and Robbins,
1998); 4) growth of aragonite in the extracellular polymer substances around various
microbes (e.g. Thompson, 2000). Before going into detail with these models, it is worth
noting that there is no evidence that there is a sufficient amount of nutrients on the
Bahamian banks in the present time to create the necessary large colonies of organisms,
in fact colonies of this size have never been observed on the banks (e.g. Broecker and
Takahshi, 1966; Morse et al., 1984; Morse et al., 2003; Shinn et al., 1989). Additionally,
the grain morphology between the grains found in whitings does not match the
morphology of the grains found within the common algae of the Bahamas (Macintryre
and Reid, 1992). Finally, the 14C age of the sediments does not seem to work for any of
these models, as the CO2 should all be modern; however, the 7Be data is supported by
these models as they may imply rapid precipitation of CaCO 3.
Picoplankton (e.g. Synechococcus sp. and Synechocystis sp.) may contribute to
whiting material in the Bahamas (Robbins and Blackwelder, 1992). This hypothesis is
based on examining whiting material that was collected over several ship board
expeditions. Robbins and Blackwelder (1992) found that the there was a protein content
in the water that is associated with the whitings, and that CaCO3 was precipitating within
the cellular membranes of the picoplankton. Robbins and Blackwelder (1992) made the
assumption that the majority of the whiting material in the water is the result of
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picoplanktons precipitating CaCO3, either in their cellular membranes or as a function of
their metabolic and photosynthetic activities that modify the pCO2 of the water column.
Finally, Robbins et al. (1996) report that the concentration of picoplankton within a
whiting is greater than the concentration outside of a whiting, offering additional support
that whitings may be in part the result of picoplankton activities.
In the Persian Gulf, whitings also form in association with phytoplankton blooms
(Wells and Illing, 1964). In the case of the Persian Gulf, the photosynthesis of the
phytoplankton results in a dramatic decrease in the pCO2 of the water column, which then
results in the precipitation of whiting material from an originally supersaturated water
body. In this case, the organisms are not actively causing precipitation, but their
biological processes result in the change of the chemistry of the surrounding water body,
driving the precipitation of CaCO3. Note that the water in the Persian Gulf is much more
nutrient rich than the water in the Bahamas (Wells and Illing, 1964).
Green algae (e.g. Nannochloris) have been hypothesized to play a role in the
formation of whiting material (Yates and Robbins, 1998). In laboratory experiments
green algae can produce enough CaCO3 to account for whitings (when scaled up).
However, the lab experiment was conducted using the water chemistry of Lake Reeve in
Australia and then the whiting data were extrapolated to the Bahamas. This brings into
question the validity of the model when it is not a true representative of the environment
of formation, especially when such rich colonies of green algae are unknown in the
Bahamas (Shinn et al., 1989).
In all of these cases there is at least a component of the whiting material that is
formed within the extracellular polymer substances (EPS) of the cells (e.g. Thompson,
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2000). This precipitation is caused by the immediate chemistry changes in the water
surrounding the organism as it undergoes photosynthesis and respiration. This localized
precipitation occurs in the picoplankton, phytoplankton, and green algae that were
discussed earlier (Robbins and Blackwelder, 1992; Wells and Illing, 1964; Yates and
Robbins, 1998). Finally, Yates and Robbins (1999) report that there may be an
intersection of biological mediation and physical processes, when biological activity
forms a seed crystal, and the kinetic barrier is overcome allowing for the supersaturated
water to precipitate CaCO3 on the seed crystal; similar to the hip-hop’n model, just that
the nucleation points are biological in origin, not resuspended material (Morse et al.,
2003; Yates and Robbins, 1998).
Furthermore, it is worth noting that Debenay et al. (1999) and Stieglitz (1973)
conducted studies analyzing disarticulated carbonate organisms and determining the
morphologies of the crushed material. Debenay et al. (1999) looked at the crushing of
foraminifera and its role in the production of lime mud. Stieglitz (1973) looked at the
crushing of foraminfera, mollusks, and corals and how they would act as other carbonate
needle sources as opposed to algae and inorganic precipitation. While neither Debenay et
al. (1999) nor Stieglitz (1973) demonstrated that the broken remains of the various
organisms matched the morphologies of whiting grains, it is important to note that there
may still be additional potential sources of biologically derived carbonate mud that have
been unaccounted for or overlooked.
In conclusion, some evidence indicates whitings may be biologically mediated by
either the precipitation of CaCO3 in the extracellular polymer substances of the
organisms, or as a result of micro environmental changes around the cell as a result of
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photosynthesis and respiration. However, presently there are insufficient nutrient sources
in the Bahamas to develop such large colonies of organisms, the 14C data is
irreconcilable, and the grain morphology of whiting material does not match that of the
grains produced by the various microorganisms (e.g. Macintyre & Reid, 1992).
4.3.2

Blue Holes
Blue holes are a class of cave features found across the Bahamian platforms.

Mylroie et al. (1995, p. 231) defines blue holes as:
“Blue holes are subsurface voids that are developed in carbonate banks and
islands; are open to the earth’s surface; contain tidally-influenced waters of fresh,
marine or mixed chemistry; extend below sea-level for a majority of their depth; and may
provide access to cave passages. An ocean hole is a blue hole that opens directly into the
present marine environment and usually contains marine water with tidal flow. An inland
blue hole is a blue hole isolated by present topography from surface marine conditions,
which opens directly into the land surface or into an isolated pond or lake, and which
contains tidally-influenced water of a variety of chemistries from fresh to marine. Blue
holes may form by drowning of dissolution sinkholes and shafts formed in the vadose
zone, phreatic dissolution along a rising halocline, by progradational collapse of deep
dissolution voids produced in a phreatic zone, and by fracture of the bank margin.”
Mylroie et al. (1995),
Blue holes can form through four possible mechanisms: 1) bank margin failure; 2)
progradational collapse; 3) flooding of vadose shafts, and; 4) dissolution along the
halocline (figure 2.8) (Mylroie et al., 1995). However, the formation of blue holes along
the halocline is doubtful because the halocline does not dip nearly steep enough (e.g.
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Mylroie and Mylroie, 2011; sensu Vacher, 1988). For the remainder of this paper the
progradational collapse blue holes are of primary interest.
Blue holes in the Bahamas have had stalagmites collected from them that date
back in excess of 350,000 years (e.g. Carew and Mylroie, 1995). These stalagmite dates
are minimum ages for the caves as the incipient void must have formed before the
stalagmites grew, suggesting that blue holes are both old and long lived features. The
incipient void may be very old (>350,000 years), however surface expression of the
collapse may occur much later. The rock failure that allows for progradational collapse
blue holes to be expressed at the surface occurs during sea-level lowstands where
buoyant support is removed from the system. Therefore, the void at depth must be created
on a sea-level lowstand when the fresh-water lens was deep in the platform to create the
necessary dissolutional environment, and collapse probably occurs during that low stand
or a subsequent one. During sea-level high stands, voids that have prograded near the
surface will experience additional mass loading as lagoonal sediments are deposited over
them. The subsequent drop of sea-level at the end of the interglacial may be a trigger for
collapse and surface expression of the void as a blue hole. Once open to the surface, on
the next sea-level highstand (e.g. MIS 5e or MIS 1) these newly formed collapse features
are filled with newly deposited carbonate sediments. Larson and Mylroie (2012a) explain
that the exact timing of blue hole collapse to the surface is also important and can be
predicted by determining the capping geologic formation and by elevation of the blue
hole in relation to modern sea-level and sea-level during MIS 5e. If the void cap rock is
lagoonal facies (i.e. Cockburn Town Member of the Grotto Beach Formation) then the
void opened post MIS 5e. If the void opened prior to MIS 5e and is located at less than
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+6 m, the void should have filled in, at least partially with marine sediments during MIS
5e. Blue hole entrances found higher than +6 m are more difficult to date by the elevation
of their collapse opening.
The fracture blue holes described by Mylroie et al. (1995) are found in close
proximity to bank margins, especially Great Bahama Bank and Little Bahama Bank (e.g.
Palmer and Heath, 1985; Whitaker, 1988). However, progradational collapse blue holes
are found ubiquitously across the larger platforms, either as inland holes, or ocean holes.
Ocean holes can become sediment-filled if they are not protected (e.g. in a lagoon)
because the significant amounts of sediment are created on the Bahamian banks and can
be swept into the blue holes that are not protected (Beach, 1995; Hine and Steinmetz,
1984; Hoskin et al., 1986; Milliman et al., 1993; Purkis, pers. com.; Reijmer et al., 2009;
Roth and Reijmer, 2005). For example, Dean’s Blue Hole on Long Island, the deepest
blue hole in the world has remained open because of a protected near-shore lagoonal
position (figure 2.10) (Mylroie and Mylroie, 2013). It is hypothesized that Dean’s Blue
Hole and other progradational collapse blue holes in the Bahamas have a conduit as their
incipient void (Myrloie et al., 1995). Blue holes in the Bahamas, regardless of type, may
exhibit tidal pumping of bank waters (e.g. Dill, 1977; Martin et al., 2012; Whitaker and
Smart, 1997). The tidal pumping is delayed from the high and low tide at the bank
margins because of the travel time through zones of high permeability (e.g. conduits) via
a kinematic wave as well as the actual tidal wave’s physical transmission across the
shallow bank surface (Martin et al., 2012; Warner and Moore, 1984). Additionally
progradational collapse blue holes can integrate several horizontal layers of high
permeability (e.g. conduits and zones of high horizontal hydraulic conductivity) further
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complicating the tidal pulse signal (Martin et al., 2012; Palmer et al., 1998; Vacher, 1988;
Vacher and Mylroie, 2002). Finally, the tidal oscillating of water up to the bank top by
blue holes may carry with it nutrients which results in increased biological productivity in
the area immediately proximal to the blue hole, forming what is sometimes referred to as
a doughnut hole (e.g. Cunliffe, 1985; Trott and Warner, 1986; Warner and Moore, 1984).
While open blue holes are well known to carry a strong tidal flow (e.g. Dill, 1977)
infilled blue holes should show a much reduced flow regime as a result of the lower
hydraulic conductivity values for a sediment-filled vertical tube versus and open one.
Actual physical exchange of water from the infilled blue hole with water in the deeper
tidal plumbing system probably does not occur, but the osciallation pulse of those tides is
sufficient to expel shallow water from within the sediment-filled blue hole out onto the
bank.
4.4

Methods
Whitings were observed from a low flying airplane on June 19 th and 20th, 2013 on

Little Bahama Bank near Abaco Island. Whitings were identified in the Bight of Abaco
and west of that region (figure 4.2). These whitings were photo-documented from the air
and the location identified on a GPS so that any movement of the whiting material could
be noted over the two day period along with their longevity.
Progradational collapse blue hole distributions in the Bahamas were calculated
using three blue hole databases provided by cave diver records, the Bahamian national
karst database and from a review of blue hole literature. The databases were culled for
only progradational collapse blue holes with the assumption that the blue holes in the
database represent all those known on the islands and inshore areas. Their spatial
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distribution was then extrapolated across the bank to estimate the total number of
progradational collapse blue holes on the Bahamian banks. These blue holes across the
open banks would be filled with carbonate sediments from the current sea-level high
stand or a previous one and would be obscured from surface observation.
4.5

Results
Flights over Little Bahama bank indicated the existence of two types of whitings.

The first type of whitings are the ones that have been discussed in the literature for the
last 80 years. These are large features (>100m in length) that are white in color, occur in
the deeper bank waters (5-15m), and appear to have a discrete point source (figure 4.1).
The first type also have a longevity that lasts at least two days (figure 4.1). The second
type are a new type to the best of the authors’ knowledge. These whitings occur in
shallower water, are much smaller (<100m in length) and are a tan color. The second type
have a longevity that lasts less than one day. However, proximal to the coast (the Marls
of Abaco, figure 4.2), the whiting morphologies change from point source morphology to
a broad front and also occur at a very high density (figure 4.3). These whitings are also
darker in the color (figure 4.3). Finally, local fishermen say that the broad front whitings
are formed by fish mixing up the bottom sediments. These sediments in the marls area of
the Little Bahama Bank have never been analyzed before, all the previous traditional
whiting studies have been conducted out on the open bank.
Based on extrapolation of the existing blue hole databases from three cave divers,
the national database, and reviews of the literature, there should be about 2250
progradational blue holes on the Great and Little Bahama Banks, with an average density
of 0.05/km2 (table 4.1). Cay Sal Bank is expected based on the distribution to have in
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excess of 7000 sediment-filled blue holes, however, this is likely an over approximation
as only three progradational collapse blue holes were identified in the databases on Cay
Sal, and all were in close proximity to each other. The overall Bahamian distribution is a
minimum estimate of the number of blue holes, as it is reasonable to assume that not
every known progradational blue hole was in the three databases that were used.
Additionally, this also represents a minimum distribution because many of the blue holes
that are on land may have been filled in with sediments during MIS 5e and so are no
longer observable on the land without a geophysical survey. There are no progradational
collapse blue holes on the smaller banks (e.g. San Salvador Island and bank) because
these platforms are too small for conduit cave formation which serve as the incipient
voids for progradational collapse (Larson and Mylroie, 2012b).
The high occurrence of whitings as reported in Robbins et al. (1997) on the Great
Bahama Bank is below the blue hole density totals which suggests that there are
sufficient sediment-filled blue holes on the banks to explain the whiting occurrences.
Additionally, whitings seem to occur in the same locations on the banks and this would
suggest a stationary genesis source.
4.6

Discussion
There appears to be two different types of whitings. The first type is the type that

has been discussed in the literature quite extensively for the last 80 years. These whitings
are formed in the deeper bank waters (5-15m), have a point source, are white in color,
and persist for multiple days. This type of whiting is proposed to be formed by tidal
oscillations of bank water from sediment-filled progradational collapse blue holes. The
blue holes were in-filled with aragonitic carbonate sediment as the platforms tops were
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transgressed in the middle Holocene. This water, when brought up to the bank top from
shallow depth, will degas with respect to CO2, and will seasonally warm, both of which
decrease the solubility of CaCO3 resulting in the formation of a whiting. The preferential
appearance of whitings in the summer months (e.g. Bustos-Serrano, 2009), when
platform water temperatures are well above blue hole water temperatures at depth,
indicates that pressure release and CO2 degassing alone are not sufficient to driving
whiting formation. This new model matches the existing chemical data as well. The older
than modern 14C dates can be explained by dissolved Holocene carbonate material being
brought up from shallow depth (Broecker and Takahshi, 1966). Given that the water in
the blue hole tidally oscillates within the top of the sediment column infilling the blue
hole, upon expulsion to the surface and warming, the carbon in that water body is
subsequently precipitated from the most recent carbonate sediment addition to the blue
hole infill (i.e. in the past few hundred years) in agreement with the 14C data. The older
14

C dates from Little Bahama Bank (~700 years, Bustos-Serrano et al., 2009) reflect a

either more compact sediment pile, such that slightly older Holocene sediments were
included in the dissolved load, or the tidal forces were slightly stronger (as would be
expected with a smaller bank and less distance for the tidal pulse to travel), allowing for a
thicker sediment pile (and hence older sediments) to be included in the tidal oscillation
regime. The young 7Be dates can be explained by precipitation of the whiting material
from a depleting reservoir (i.e. the bank water) (Shinn et al., 2004). Finally, BustosSerrano et al. (2004) demonstrated that the water inside the whiting and the water
surrounding the whitings were different with respect to alkalinities, suggesting that the
whiting material was in fact precipitated.
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Whitings have been observed to always occur in the same areas, suggesting a
point source (Robbins et al., 1997). Additionally, the blue hole model explains the
hundreds of years 14C dates, by old carbon being brought up from shallow depths by tidal
pumping. The 14C data also indicate that for these sediment-filled blue holes, water does
not flux through the entire column, otherwise the 14C ages would go back to the time of
bank-top flooding, about 6,000 ka (Carew and Mylroie, 1997) when initial Holocene
sediment production on the bank top began. Older blue holes, that were open and infilled
during MIS 5e or earlier interglacials, may have undergone sediment compaction and
subsidence during the subsequent lowstand(s), such that they developed accommodation
space for a package of Holocene sediment on the current interglacial. Tidal pumping
would preferentially expel shallow interstitial waters hosted by the Holocene sediment
package in these older blue holes, yielding 14C dates in the hundreds of years range.
The young 7Be dates are explained through the precipitation of the whiting
material on the bank top which is enriched with 7Be since it is a cosmogenic radionuclide.
Furthermore, the enrichment in the core of the grains with 7Be and depletion in the outer
rim of the grains suggests precipitation from a reservoir. Additionally, the morphology of
the individual grains is explained by direct precipitation since the grain morphologies are
different from both bottom sediment and biologically derived aragonite. Finally, BustosSerrano et al. (2009) demonstrated differences between alkalinity inside the whiting
cloud and the surrounding bank water, suggesting precipitation.
As water rises from depth it warms and degasses CO2, both of which drive the
precipitation of aragonite. The reason that whitings only form in sediment-filled blue
holes, and not in open ocean holes in near-shore locations, is that the carbonate sediments
100

in the filled blue hole ensure that transmitted water is supersaturated with calcium
carbonate upon reaching the bank surface, compelling the precipitation of CaCO 3 which
would result in the formation of a whiting (figure 4.4) (e.g. sensu Carroll et al., 1991;
sensu Morse et al., 2006).
Dierssen et al. (2009) proposed that the whitings in the Bahamas were the result
of Langmuir circulation resuspending bottom sediments. The authors did see Langmuir
circulation affecting the whitings but believe that the Langmuir circulation was acting to
break up the whiting clouds since the Langmuir effects were oriented perpendicular to the
main axis of the whiting (figure 4.5). Additionally, multiple authors have invoked
biological activity as the source for whiting material (e.g. Robbins and Blackwelder,
1992; Yates and Robbins, 1998), and open blue holes are known to be biological hotspots
(e.g Cunliffe, 1985; Trott and Warner, 1986; Warner and Moore, 1984). It is reasonable
then to expect that the water brought up from depth through the sediment-filled blue
holes should be nutrient rich, and may cause an algae bloom resulting in a correlation
with the formation of whitings. The algal blooms may assist in driving the chemistry to
further promote whiting development by photosynthetic processes resulting in a
drawdown of CO2.
The second type of whiting has not been reported before to the best of the
authors’ knowledge. This type of whiting is located in the shallower near-shore bank
waters, and was observed in the Bight of Abaco. These whitings are tan in color, transient
(i.e. last for less than one day), and do not appear to have a specific point source. These
specific whitings appear to form by the resuspension of bottom sediments. This
resuspension is caused by fish stirring up the bottom sediment. This model was supported
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by local fishermen during the field work for this project and has been reported in the
literature for nearly 30 years (e.g. Shinn, 1985; Shinn et al., 1989). The difference being
is that in the previous studies the authors were only looking at the first type of whiting
(i.e. deeper off shore water, 5-15m), and those whitings are, based on this paper, made
through a different mechanism than the shallow water near-shore whitings. The authors
also saw an ‘artificial’ whiting made in the shallow water that looked very similar to the
second type of whitings and was created by a boat that had stirred up bottom sediments,
which supports the cause for resuspension (figure 4.6). No suspended sediment data have
been collected as yet, but the speculation leads to a testable hypothesis.
4.7

Conclusions
Bahamian whitings are polygenetic features. One type is found in deeper bank

water (5-15m) and formed by tidal pumping of bank water from shallow depth through
Holocene sediment-infilled blue holes, which results in the precipitation of CaCO3. These
sediment-filled blue holes are found across the Bahamian platforms, and there are an
estimated 2250 of them on the Great and Little Bahamas Banks, sufficient to explain the
number of whitings observed. The infilled blue hole model explains all of the
observations regarding placement, persistence, chemistry, age, and particle form that
have been observed by other workers, and explains all contradictions such as 7Be vs 14C
ages, bottom sediment morphology vs whiting sediment morphology, geochemical
constraints, and biological activity. The second type of whiting is speculated to have
formed in the shallower bank waters and is formed by the transitory resuspension of
bottom sediments by fish.
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Figure 4.1

Whitings on Little Bahama bank that is about 1km long. These whitings are
about 25 km west of Marsh Harbor, Abaco. Photograph taken on June 20,
2013.
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Figure 4.2

Location map of Little Bahama bank where whitings were identified. The
area enclosed in the red oval indicates where whitings were found. The
region enclosed by the yellow oval represents where the Marls of Abaco
are located. Image from Google Earth (2013).
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Figure 4.3

A) A deep lagoonal water whiting. B) The second type of whitings that are
found in the Marls of Abaco. These whitings are browner in color and have
blunt fronts instead of point sources. See the text for a description of the
differences. Photographs taken June 19, 2013
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Figure 4.4

The new model for whiting formation that invokes tidal pumping of water
through sediment filled blue holes. The purple color represents the
oscillation of bank water caused by tidal pumping that results in the
formation of whitings.

107

Figure 4.5

Part of the whiting in figure 4.1, which is exhibiting Langmuir circulation.
Photograph taken June 19, 2013.
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Figure 4.6

The second type of whiting cause by resuspension by fish activity
alongside a whiting that was formed by resuspension from a boats prop
(highlighted in red) in the Marls of Abaco. Note that the color is similar
between the whiting and the resuspended sediments from the boat.
Photograph taken June 20, 2013 by Nicole Ridlen.
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Table 4.1

The expected distribution of sediment-filled progradational collapse blue
holes in the Bahamas by bank.
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CHAPTER V
QUATERNARY GLACAIL CYCLES: KARST PROCESSES AND
THE GLOBAL CO2 BUDGET

5.1

About this chapter
This chapter is a journal article that has been published:

Larson, E.B. and Mylroie, J.E., 2013, Quaternary glacial cycles: Karst processes and the
global CO2 budget: Acta Carsologica, v. 42, no. 2-3, p. 197-202.
5.2

Abstract
Extensive research has been conducted investigating the relationship between

karst processes, carbonate deposition and the global carbon cycle. However, little work
has been done looking into the relationship between glaciations, subsequent sea level
changes, and aerially exposed land masses in relation to karstic processes and the global
carbon budget. During glaciations sea-level exposed the world’s carbonate platforms.
With the sub-aerial exposure of the platforms, karst processes can occur, and the
dissolution of carbonate material can commence, resulting in the drawdown of CO 2 from
the atmosphere as HCO3-. Furthermore, the material on the platform surfaces is primarily
aragonite which is more readily soluble than calcite allowing karst processes to occur
more quickly. During glaciations arctic carbonates and some of the temperate carbonates
are blanketed in ice, effectively removing those areas from karst processes. Given the
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higher solubility of aragonite, and the extent of carbonate platforms exposed during
glaciations, this dissolution balances the CO2 no longer taken up by karst processes at
higher latitudes that were covered during the last glacial maximum The balance is within
0.001 GtC / yr, using soil pCO2 (0.005 GtC / yr assuming atmospheric pCO2) which is a
difference of <1% of the total amount of atmospheric CO 2 removed in a year by karst
processes. Denudation was calculated using the maximum potential dissolution formulas
of Gombert (2002). On a year to year basis the net amount of atmospheric carbon
removed through karstic processes is equivalent between the last glacial maximum and
the present day, however, the earth has spent more time in a glacial configuration during
the Quaternary, which suggests that there is a net drawdown of atmospheric carbon
during glaciations from karst processes, which may serve as a feedback to prolong glacial
episodes. This research has significance for understanding the global carbon budget
during the Quaternary.
5.3

Introduction
Karst processes have long been known to result in the drawdown of atmospheric

CO2 (e.g. Ford & Williams 2007; White 1988). The process results in the sequestration of
one molecule of CO2 for each molecule of calcium carbonate dissolved (equation 5.1).
CaCO3 + CO2 + H2O ↔ Ca2+ + 2HCO3-

5.1

This process has been proposed to result in significant removal of atmospheric
CO2 (e.g. Gombert 2002; Liu et al. 2011; Mylroie 1993; 2008). Gombert (2002) proposed
that on the global scale karst denudation resulted in the removal of 0.3 Gt of C per year
from the atmosphere. This 0.3 Gt C per year represents 21% of the unknown carbon sink
112

in the continental biosphere suggesting that karst processes play a significant role in
balancing the global carbon budget (Gombert 2002; Liu et al. 2011; Schimel et al. 1996).
The goal of this study is to determine the amount of carbon that is removed from
the atmosphere during karst dissolution on a global scale for the present day and during
the last glacial maximum (LGM) and to determine if the amount of carbon withdrawn
during these two time periods balances out. The only other study to examine this issue
looked only at a local scale in the Bahamas (Mylroie 1993). Mylroie (1993) discovered
that the sequestration of carbon during the LGM by carbonate dissolution and release of
carbon during the present day from carbonate deposition resulted in a net balance when
viewed over the average length of glacial and interglacial cycles.
The material presented below represents the continuation of Mylroie’s (1993)
efforts applied to a global scale.
5.4

Methods
Karst denudation was modeled using Gombert’s (2002) maximal potential

denudation model that is based on White’s (1984; 1988) maximum dissolution model.
Gombert’s (2002) model is a climatic model which requires as inputs only effective
precipitation, pCO2, temperature to correct the equilibrium constants and karstic area.
Gombert’s (2002) model was applied to the different Köppen climate zones in an effort to
model global karst denudation more accurately.
The Köppen climatic zones used were: polar, cold, cold temperate, warm
temperate, Mediterranean, desert, subtropical, wet tropical and equatorial as suggested by
Gombert (2002).
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Effective precipitation in the modern day was calculated using the precipitation
data of Miller (1949) and evapotranspiration data from Mu et al. (2011). Effective
precipitation during the LGM was calculated using rainfall data from Miller (1949),
which was corrected for the LGM as suggested by Clark et al. (1999), and
evapotranspiration data was derived from Bush & Philander (1999).
pCO2 data were calculated using Brooks’ (1983) model for soil pCO2 using
effective precipitation. Atmospheric pCO2 was also used to provide an end member
condition that would be similar to no soil cover at all (Palmer 2007).
Equilibrium constants for calcite and aragonite in the present day were corrected
for temperature using Miller’s (1949) temperature data. The equilibrium constants used
came from Plummer and Busenberg (1982). The equilibrium constants used during the
LGM were modified using Clark et al.’s (2009) temperature correction.
Karstic area was calculated using Ford and Williams’ (2007) global karst map; the
Köppen climatic zones were overlaid on this resulting in karst areas for the different
climate zones. During the glaciations when sea-level dropped, the carbonate platforms
and coral reefs around the world would have become sub-aerially exposed resulting in an
increase in karstic areas of 1.25 million km2 (Smith 1978). These newly gained areas
were then placed into their respective climatic zones. These new areas were treated to be
aragonite instead of calcite (as all other areas were treated) as the sediments in the coral
reefs and on the carbonate platforms are predominately aragonite (Reijmer et al. 2009).
As a result of glaciations several high latitude and high altitude karst areas were
covered with glaciers effectively removing them from karstic processes. A total of 4.7
million km2 of karst area was removed from the global karst areas and each subset was
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then subtracted from their respective climatic zones (Clark and Mix 2002; Velichko et al.
1997).
With all these parameters now defined, Gombert’s (2002) maximal potential
dissolution model was applied to the different climatic zones. The model was run in
Excel using either atmospheric or soil pCO2 and either assuming all the carbonate
material was calcite or that some of the newly exposed carbonate areas during the LGM
were aragonite, resulting in four model runs. These models and the assumptions within
them can cause significant spread in the final denudation rates. White (2007) reports that
karst denudation rates in the present can vary over an order of magnitude within a
geographic area. However, when viewed over a large scale these deviations should cancel
out, and as long as there is consistency in the calculations these errors should cancel out
between the present and the LGM resulting in a net difference that is precise.
5.5

Results
Denudation rates in the different climatic zones were determined to vary from 10

mm per thousand years, up to 100 mm per thousand years depending on the pCO2 and
climatic conditions. The extrapolation of these denudation rates to volume of carbon
drawn from the atmosphere, assuming soil pCO2 and all calcite mineralogy, can be found
in table 5.1. The volume of carbon removed from the atmosphere assuming soil pCO2 and
both calcite and aragonite mineralogy can be found in table 5.2. The volume of carbon
taken out of the atmosphere assuming atmospheric pCO2 and only calcite can be found in
table 5.3. Finally, the volume of carbon drawn from the atmosphere assuming
atmospheric pCO2 and calcite and aragonite mineralogy can be found in table 5.4. A
summary table of all the different volumes of carbon removed can be found in table 5.5.
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In summary about 0.21 Gt C per year are withdrawn under all the various karst
dissolution models, for both the present day and the last glacial maximum. In most cases
the amount of carbon withdrawn from the atmosphere during the LGM is slightly less
than that in the present day, but the difference is less than 1%.
5.6

Discussion
The total 0.21 Gt C per year that are removed from the atmosphere by karst

processes in the modern day correlates well within the 0.11 – 0.47 Gt C per year that
have been calculated by previous workers (e.g. Gombert 2002; Liu et al. 2011). Given
that the current data matches well with previous work, some of which used different
methods, provides confidence for the rest of the data and the conclusions regarding the
LGM. The amount of carbon removed from the atmosphere may not actually be
sequestered; the carbon as CO2 could degas from surface water bodies back to the
atmosphere, or be deposited as tufas (Equation 5.1) before even reaching the oceans
where the carbon could be deposited as carbonates.
5.6.1

The Last Glacial Maximum
The amount of carbon withdrawn from the atmosphere during the present day and

during the LGM is essentially equal, at about 0.21 Gt C per year (table 5.5). During the
LGM sea-level was about 125 meters lower than today resulting in the sub-aerial
exposure of coral reefs and carbonate platforms, while covering up high latitude and high
altitude areas with glaciers. Some carbonate platforms, such as the Bahamas, become
exposed with a sea-level fall of only 20 m; almost all carbonate platforms are exposed by
a sea-level fall of 60 m. Given that the amount of carbon removed from the atmosphere
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through karst processes balances between these two times with significant geographic
changes implies that land area fluctuations, in conjunction with modified climate are
sufficient to make up for the glacial impacts. Taking into account the mineralogy changes
helps to account for some of the difference between the present day and the LGM, but it
has relatively insignificant control in the total carbon volume calculations (table 5.5).
During the cycling from glacial to non-glacial periods there would be regional
variation in the amount of karst denudation (and subsequent draw down of atmospheric
carbon) as White (2007) demonstrated, occurs during the present day. This variation is in
part due to the heterogeneous nature of the rocks, the pCO2, and precipitation conditions.
However, if the same assumptions are made in the calculations for karst denudation in the
present and during the LGM these errors should effectively cancel out, and the net
difference (or lack of difference in the case of this study) becomes significant in
demonstrating the net amount of carbon removed from the atmosphere during the present
and LGM are equivalent.
During the Quaternary, glacial periods have lasted about 10 times longer than the
interglacial periods (e.g. Mylroie 1993). This is significant because when looked at over
the entire Quaternary it becomes obvious that there would be a net removal of
atmospheric carbon due to dissolution processes occurring from carbonate platform
exposure. This may result in a feedback mechanism resulting in the prolonging of glacial
periods, as proposed by Mylroie (1993).
Throughout this research the deposition of carbonates has been ignored from the
net balance, but now it will be addressed. During LGM the sea-level drop would cause
the carbonate factory to become sub-aerially exposed; the shutdown of the carbonate
117

factory would prevent the deposition of significant carbonate sediments and prevent the
release of that CO2 into the atmosphere (Equation 5.1). At the present day the carbonate
factory is actively releasing CO2 into the atmosphere, and based on this qualitative
statement there should be a net sequestration of carbon during glacial periods and a net
release of carbon during interglacial periods caused by karst processes. For the Bahama
platform, Mylroie (1993; 2008) demonstrated that the carbon flux through a glacialinterglacial cycle was equal. The rapid release of CO 2 by carbonate deposition during a ~
10ka interglacial was compensated almost exactly by the ten times slower CO 2
sequestration during the ~100 ka of glacioeustatic platform exposure. This loss of
atmospheric CO2 due to global processes (e.g. primary productivity) including karstic
processes during the Quaternary is documented in the Vostok ice core by higher
atmospheric CO2 during interglacial periods and lower atmospheric CO2 during glacial
periods (e.g. Falkowski et al. 2000; Petit et al. 1998).
5.7

Conclusions
Given the maximal potential denudation formula of Gombert (2002) the global

carbon budget was calculated with respect to karst dissolution for both the present day
and the LGM. Karstic processes result in the removal of atmospheric carbon through
dissolution (equation 5.1). Both the present day and LGM were found to remove 0.21 Gt
C per year from the atmosphere, within 1% of each other regardless of the model used.
This represents 16% of the unknown carbon sink of the continental biosphere (Schimel et
al. 1996). Furthermore, this research demonstrates that through land area changes,
climatic changes and mineralogy differences the amount of carbon removed through
karstic dissolution processes in the present is equivalent to the amount removed from the
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atmosphere during the LGM. What is different, given the steep-sided nature of most
carbonate platforms, is that carbonate deposition is greater during an interglacial than
during a glacial cycle, perhaps compensated for by the longer duration of glacial cycles
compared to interglacial conditions. Furthermore, the yearly balance between today’s
atmospheric carbon removal by karst processes and the LGM’s carbon drawdown by
karst processes indicates the importance of climate in karst dissolution. The loss of 4.7
million km2 of karst area in high latitude and high altitude regions to ice cover during a
glaciation is exactly compensated by the gain of 1.25 million km2 of karst area in tropical
and subtropical regions due to sea level fall. Finally, this research is significant as it is the
first to quantify the effect the Quaternary glaciations had on karstic processes with
respect to atmospheric carbon removal.
5.8
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Table 5.1

The calculated maximal potential dissolution of karst processes around the
world. These data were created using soil pCO2 and assuming all the CaCO3
was calcite.
Polar
Cold
Cold Temperate
Warm Temperate
Mediterranean
Desertic
Subtropical
Wet Tropical
Equitorial
Total (m3/ 1000yr)
Total (GtC / yr)

Present Day
2.80*10

LGM

Difference
10

2.01*1010

5.58*1010

5.33*1010

0.249*1010

24.02*1010

19.8*1010

4.45*1010

12.6*1010

13.6*1010

-0.965*1010

3.46*1010

3.79*1010

-0.326*1010

0.131*1010

0.257*1010

-0.126*1010

1.39*1010

2.35*1010

-0.958*1010

17.3*1010

20.4*1010

-3.14*1010

6.43*1010

6.60*1010

-0.172*1010

74.0*1010

72.9*1010

1.03*1010

0.222

0.219

0.003

10

120

0.786*10

Table 5.2

The calculated maximal potential dissolution of karst processes around the
world. These data were created using soil pCO2 and assuming that the
currently exposed CaCO3 is calcite, but the coral reefs and carbonate
platforms are covered with aragonite sediment.
Polar
Cold
Cold Temperate
Warm Temperate
Mediterranean
Desertic
Subtropical
Wet Tropical
Equitorial
Total (m3/ 1000yr)
Total (GtC / yr)

Present Day
2.80*10

LGM

Difference
10

2.01*1010

5.58*1010

5.33*1010

0.249*1010

24.2*1010

19.8*1010

4.45*1010

12.6*1010

13.6*1010

-0.965*1010

3.46*1010

3.79*1010

-0.328*1010

0.131*1010

0.257*1010

-0.126*1010

1.39*1010

2.38*1010

-0.990*1010

17.3*1010

21.9*1010

-4.62*1010

6.43*1010

6.60*1010

-0.172*1010

74.0*1010

74.4*1010

-0.482*1010

0.222

0.223

-0.001

10

121

0.786*10

Table 5.3

The calculated maximal potential dissolution of karst processes around the
world. These data were created using atmospheric pCO2 and assuming all
the CaCO3 was calcite.
Polar
Cold
Cold Temperate
Warm Temperate
Mediterranean
Desertic
Subtropical
Wet Tropical
Equitorial
Total (m3/ 1000yr)
Total (GtC / yr)

Present Day

LGM

Difference

4.43*10

10

1.24*10

3.18*1010

7.25*1010

6.93*1010

0.323*1010

21.9*1010

17.8*1010

4.02*1010

13.9*1010

15.0*1010

-1.06*1010

4.13*1010

4.51*1010

-0.388*1010

23.2*1010

0.480*1010

-0.248*1010

0.898*1010

1.55*1010

-0.657*1010

12.8*1010

16.0*1010

-3.20*1010

3.55*1010

3.56*1010

-0.00892*1010

69.1*1010

67.1*1010

1.96*1010

0.207

0.201

0.006

10

122

Table 5.4

The calculated maximal potential dissolution of karst processes around the
world. These data were created using atmospheric pCO2 and assuming that
the currently exposed CaCO3 is calcite, but the coral reefs and carbonate
platforms are covered with aragonite sediment.
Polar
Cold
Cold Temperate
Warm Temperate
Mediterranean
Desertic
Subtropical
Wet Tropical
Equitorial
Total (m3/ 1000yr)
Total (GtC / yr)

Present Day

LGM

Difference

4.43*10

10

1.24*10

3.18*1010

7.25*1010

6.93*1010

0.323*1010

21.9*1010

17.8*1010

4.02*1010

13.9*1010

15.0*1010

-1.06*1010

4.13*1010

4.52*1010

-0.391*1010

0.232*1010

0.480*1010

-0.248*1010

0.898*1010

1.58*1010

-0.678*1010

12.8*1010

16.3*1010

-3.44*1010

3.55*1010

3.56*1010

-0.00892*1010

69.1*1010

67.4*1010

1.70*1010

0.207

0.202

0.005

10
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Table 5.5

The summary data from tables 5.1-5.4.
Scenario

GtC / yr
Present Day
LGM

Soil pCO2 - Calcite

0.222

Soil pCO2 - Calcite & Aragonite
Atmospheric pCO2 - Calcite
Atmospheric pCO2 - Calcite &
Aragonite

0.207
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Difference

0.219

0.003

0.223

-0.001

0.201

0.006

0.202

0.005

CHAPTER VI
CONCLUSIONS

6.1

General Conclusions
The goals of this dissertation were to: 1) quantify the formation of conduit caves

in the Bahamas; 2) develop a progradational collapse blue hole distribution; 3) create a
new model to explain whiting formation that overcomes the issues with the previous
models, and; 4) determine the role of karst processes on the global carbon budget in both
the present and during the last glacial maximum.
Conduit caves have been speculated for the past 15 years to be formed by the
switch from diffuse to turbulent-conduit flow as a function of an increase in subaerial
exposure created by a drop in sea-level of at least 15 m (e.g. Vacher and Mylroie, 2002).
Deterministic modeling of the karst aquifers in the Bahamas indicates that at an island
radius of 5-10 km and larger develops conduit flow in competition with diffuse flow.
Small islands lack the water budget to support conduit flow. The initial hypothesis that
conduit flow developed as a result of diffuse flow inefficiencies as area increased by the
square and perimeter linearly does not seem to be correct. Diffuse flow is inefficient
compared to conduit flow, but is still theoretically capable of draining large islands. As
conduits develop, they carry more and more flow, and diffuse flow is restricted to coastal
areas where the pathway to the sea is shorter than to adjacent conduits (as seen in the
Yucatan, Mexico and Nullarbor Plain, Australia). This outcome is possible because karst
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aquifers are self-modifying and reorganize their porosity and permeability. Island size
appears to be the greatest control on the switch from diffuse flow to conduit flow, but as a
result of increased catchment as opposed to perimeter effects. Recharge rates into the
aquifer also contributes in the switch. These conduit caves may then collapse and if the
collapse reaches the surface may become a progradational collapse blue hole. These
progradational collapse blue holes may then become sediment-filled upon sea-level rise.
Progradational collapse blue hole distributions can be modeled using known
progradational collapse blue hole locations on land. These per area distributions can then
be applied across the entirety of the respective Bahamaian bank. Progradational collapse
blue holes are only found on the largest of the Bahamian banks, supporting the conduit
cave formation model.
Whitings in the Bahamas are in part formed through the tidal pushing of water
through sediment-filled blue holes. As water is pushed through the shallow portions of
sediment-filled blue hole it ensures saturation with respect to CaCO3, and the water
warms and degasses CO2, all driving the precipitation of CaCO3 as whiting material. The
model described in chapter 4 discusses how this new model for whiting formation
overcomes the issues in the previous models. Also, a new type of whiting is described in
chapter 4. This type of whiting is formed through resuspension of bottom sediments by
fish and is a short lived feature.
As sea-level fluctuates the amount of land in the Bahamas and other carbonate
regions increases or decreases with sea-level fall or rise, respectively. As the amount of
land increases in the Bahamas and other carbonate regions as a result of sea-level fall,
there is a decrease of carbonate rock exposure at high latitudes due to glaciation. The loss
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of high latitude carbonates is made up for in the gain of low latitude carbonates in terms
of rates of carbon drawdown associated with karst processes. Additionally, this carbon
draw down from karst processes represents approximately 16% of the unknown carbon
sink as reported by the IPCC based on global carbon budget modeling (Schimel et al.,
1995).
This dissertation has dealt with the Quaternary geology of the Bahamas. One of
the hallmarks of the Quaternary is sea-level change due to glaciations. Sea-level change
as demonstrated by this dissertation controls the formation of conduit caves in the
Bahamas (chapter 3), provides the mechanism for whiting formation (chapter 4), and
impacts the role karst processes play in the global carbon budget (chapter 5).
6.2

Future Work
Future work regarding whiting formation in the Bahamas would entail the

collection of both types of whiting material and comparing them to bottom sediments.
This would confirm that the second type of whiting is actually resuspended bottom
sediment. With regards to blue hole distributions, seismic surveys should be run across
the Bahamian banks at a high resolution to confirm the distributions discussed in Chapter
4.
With regards to the global carbon budget additional work could be done with
analyzing the role of the exposure of the continental shelves during glaciations.
Specifically these shelves increase land area in biologically productive regions and these
shelves may serve to increase the amount of carbon sequestered during glaciations.
Additionally, the carbon budget as related to karst processes could be looked at globally
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during additional marine isotope stages, to determine if under different sea-level positions
the global carbon budgets balance.
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